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Abstract 
 
The meiofauna of a mangrove forest in the River Barwon estuary was studied by 
means of surveys and field experiments. Distinctive assemblages of meiofauna 
were described from the sediment and pneumatophores of the ecosystem. Fine 
resolution of phytal habitats was demonstrated, and particular assemblages of 
meiofauna were characteristic within habitat provided by dominant epibionts. 
Distribution of the meiofauna within leaf litter revealed high turnover rates of 
nematodes, and some factors controlling detrital assemblages were assessed. 
The vertical profile of sedimentary meiofauna was examined, and changes in 
abundance were related to the tychopelagic habit of many taxa at high tide. 
Dispersal within the water column was confirmed by pelagic trapping, and 
colonisation of mimic pneumatophores was investigated. The amount of algal 
cover, effects of grazing by gastropods, and rugosity of the colonised surface 
were shown to influence meiofauna colonisation of mimic pneumatophores. 
Establishment and persistence of patchy distributions of meiofauna at scales of 
less than 10 m in an intertidal environment was demonstrated, and it was 
concluded that this was due to the dynamic nature of assemblages rather than 
their integrity. 
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PREFACE 
 
The surveys, field experiments and laboratory analyses described here have been 
undertaken over a period of 7 years of part-time study, during my full-time 
employment as a lecturer in marine ecology at Deakin University. The nature of the 
project and the progression of my career resulted in my aim to publish finished 
sections prior to completion of the whole PhD project. The thesis reflects this 
structure, and consists of an Introduction and Discussion and eight discrete chapters, 
some published, others in press and some under review.  
 
Each chapter has therefore been written according to the required format of a selected 
journal. The arrangement of sections, and the detailed structure of the reference list all 
reflect the journal guidelines. Each chapter is a complete and discrete part of the 
thesis, and represents a stage in the logical development of ideas. Each chapter builds 
on the foundations of the previous section, and their sequence reflects the questions 
raised by successive sets of results. The conceptual links between chapters are 
explained in this Introduction. 
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Chapter 1  
GENERAL INTRODUCTION 
 
The study of meiofauna started long before the term ‘meiofauna’ (from the 
Greek ‘meio’ meaning smaller) was first used by Mare, in 1942, to define 
an assemblage of mobile or hapto-sessile (animals attached to a 
substratum, but capable of detaching their hold and slowly changing their 
position) benthic invertebrates intermediate in size between macrofauna 
and microfauna. Before Mare’s (1942) studies on the muddy substrates off 
Plymouth in SW England, Giard (1904) recognised on the sandy bottoms 
of coastal northern France a microfauna ‘so rich it would take years to 
study it’. It was Remane, the ‘father of meiofaunal research’ (Coull and 
Giere, 1988), who first recognised the definable ecological assemblages of 
meiofauna in sandy, muddy and phytal (plant-based) habitats. Remane was 
the first worker to recognise that ‘these biocoenoses differ not only by 
species abundance and composition, but also in morphological and 
functional features’ (Remane 1932, cited in Coull and Giere, 1988). From 
the 1920s onwards, Remane and the ‘German School’ studied the 
meiobenthology of northern German shorelines and published papers on 
several taxa, summarised in Remane (1952).  
 
Centres for meiobenthological research have since developed in several 
countries, including Belgium, the United Kingdom and the north-eastern 
United States of America. Published papers describing the ecology of  
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meiofauna span a wide range of climatic regions and include both marine 
and freshwater ecosystems. There are presently just 2 text-books (Higgins 
and Thiel 1988, Giere 1993) devoted to the study of meiofauna; in the 
latter, Giere emphasised that “…wide areas in Africa, South America, Asia 
and Australia remain terra incognita in the field of meiobenthology.” 
 
New high-level taxa have recently been confirmed among the meiofauna, 
and all four new animal phyla discovered during the 20th century are 
meiobenthic. These are the Micrognathozoa (Kristensen and Funch 2000), 
the Cycliophora (Funch and Kristensen 1995), the Loricifera  (Kristensen 
1983), and Gnathostomulida (Riedl 1969). The Gnathostomulida, Rotifera, 
and Micrognathozoa have recently been joined into the monophylum 
Gnathifera Ahlrichs, 1995, an interpretation based on the presence of jaw 
elements with cuticular rods containing osmiophilic cores in all three 
groups (Kristensen and. Funch 2000). Meiofauna have representatives 
from about 39 phyla (Montagna and Lambshead 2001) and members of 
seven phyla (the Cycliophora, Gastrotricha, Gnathifera, Gnathostomulida, 
Kinorhyncha, Loricifera and Tardigrada) are exclusively meiobenthic. 
 
Meiofauna are thus a component of the benthos (i.e. meiobenthos), and 
comprises metazoan animals that may be rinsed through a sieve of mesh 
width 500 μm but are retained on a smaller mesh, generally in the range 48 
μm – 63 μm depending on the type of sediment, the habitat and the taxon 
of interest. The exact mesh size of the smaller mesh has varied historically 
and from author to author, and a plea was made by Higgins and Thiel 
 4
(1988) for benthic workers to standardise procedures by adopting a close-
to-logarithmic system of mesh sizes. This would include sieve sets of mesh 
sizes 1000 μm, 500 μm, 250 μm, 125 μm, 62μm and 42 μm.  However, 
the literature shows that there is much variation in the finest mesh size 
employed: for example, deep-sea workers prefer to use a mesh size limit of 
38μm to quantitatively include the smallest meiofaunal organisms (mostly 
nematodes, Soetart et al. 1995). Particular mesh sizes tend to be adopted 
by meiofaunal laboratories around the world, and more details of the sizes 
used are given in Chapter 2.  
 
Methods of extracting small fauna from sediment have been developed, 
tested and described in the meiofaunal literature since the earliest studies 
on these animals. Following simple mixing of the whole sample, then 
settling of the sediment fraction and decantation of suspended meiofauna, 
there have been many refinements to separation techniques. Most of these 
utilise physical attributes of the animals (their specific gravity) and some 
exploit their behavioural preferences (with respect to light, temperature, 
salinity). Methods of extraction are reviewed in Chapter 2. Collection of 
extracted animals onto an appropriate sieve is necessary for all techniques, 
and the mesh size is therefore a crucial factor in any quantitative or 
qualitative evaluation of meiofauna.  
 
The size spectrum of meiofauna can be delineated from macrobenthos and 
microbenthos not only arbitrarily by the mesh sizes used for sample 
processing, but for biological, ecological and evolutionary reasons that 
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emerged from calculations based on body size, biomass and assimilation 
efficiency (Gerlach et al. 1985; Warwick et al. 1986). In the latter paper it 
was argued that selective pressures due to competitive displacement have 
resulted in the separation of size spectra between the larger and smaller 
benthos, because this solution minimises competition. Larvae of macro-
benthos illustrate the value of occupying different ecological niches from 
the similar-sized meiobenthos, since they tend to occupy the pelagic realm 
while their size falls within that of the benthic meiofauna. This physical 
separation of the similar sized groups supports the explanation for the 
benthic size spectra offered above. In a region such as the Arctic, where 
most benthic species have either lecithotrophic larvae or direct 
development, the bi-modality of the size spectra might be expected to 
break down, since competition would not occur (Kendall et al. 1997). 
However, a similar trough between the size distributions was still apparent 
in these authors’ data. The hypothesis that competition drives the 
bimodality need not be refuted if the evolutionary processes occurred 
beyond the arctic assemblage, and since there was low endemism in the 
arctic species studied, Kendall et al. (1997) did not reject the competition 
hypothesis.  
 
Ecological studies of meiofauna have shown that on the average, there are 
between 1 and 10 x 106 individuals per square meter of sediment surface, 
and a standing stock dry weight biomass of 1-2 g m-2 in the benthos of 
shallow waters less than 100 m depth (Coull 1988). In most sediments 
studied, the dominant taxon is the phylum Nematoda, whereas in phytal 
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habitats the dominant group is the harpacticoid copepods. The published 
data for meiofauna assemblages from mangrove habitats is examined in 
more detail in the present study (Chapter 3).  
 
In a review of Australian estuarine meiofaunal ecology, Coull (1999) 
pointed out that the only published quantitative abundance data for 
meiofauna in Australia were those made by D.M. Alongi and his 
associates in North Queensland, and by W.L. Nicholas and colleagues in 
New South Wales (see Table 1.1). These studies have examined mainly 
sedimentary, but not phytal, meiofaunal assemblages.  
 
The temperate mangrove ecosystem in Victoria is represented by a 
relatively very small area (4100 ha) in comparison with tropical 
mangroves in Australia, which extend around 22% of the coastline and 
represent the third largest area of mangroves in the world (Harty 1997). 
Whereas there have been many ecological studies of tropical mangroves 
both in Australia and around the world, there are few studies of temperate 
mangrove ecosystems.  
 
Along the Victorian coast of south-eastern Australia, at latitude 38°S, there 
are disjunct pockets of mangroves, and Avicennia marina (Forskål) 
Vierhapper is the only species in Australia that extends to this temperate 
latitude. Previously published meiofaunal studies in Australian temperate 
mangroves are shown in Table 1.1. The other non-Australian studies in a 
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temperate mangrove are those of Dye (1983) at latitude 31°S in South 
Africa, where there are 3 species of mangrove tree. 
 
Mangrove ecosystems provide a wide range of habitats for associated 
organisms. These include soft oxic sediment, anoxic mud, and the phytal 
surfaces of tree trunks, branches, leaf litter and emergent, as well as hanging, 
aerial roots. Other organisms in the mangroves also constitute potential habitat 
for meiofauna. Although many temperate mudflats provide some of these 
attributes, the presence of mangrove trees greatly increases the diversity of 
habitats, particularly by provision of phytally-based substrata that are hard, 
above the sediment and relatively long-lived.  
 
Some workers have reported that there seems to be no characteristic nematode 
community in mangroves (Olaffson et al. 1995, Somerfield et al. 1998), but 
rather that many species found in the mangrove ecosystems studied so far occur 
in marine sediments all over the globe, probably because of the spatial and 
temporal heterogeneity of mangrove sediments (Olaffson et al. 2000). Such a 
cosmopolitan distribution pattern for those species is of particular interest if 
within-habitat specificity at low taxonomic resolution can be demonstrated.  The 
presence of phytal habitats would increase meiofaunal diversity above that of 
non-mangrove temperate mudflats if some phytally-associated taxa 
complemented the sedimentary assemblage. Krishnamurthy et al. (1984) noted 
an apparent difference in the colonization of nematode fauna in leaves, roots and 
epiphytes, reporting that about 18 species of nematodes were found to have 
close affinity with decaying leaves. 
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Most mangrove trees have a laterally spreading cable root system, which, in 
spite of not including a taproot, represents a higher ratio of below- to above-
ground biomass than for other vegetation types (Hutchings and Saenger 1987). 
The shallow root systems of the mangrove genera Avicennia, Sonneratia and 
Xylocarpus bear upright projecting peg roots, the pneumatophores, that enable 
these species to survive in waterlogged soils and be frequently inundated. 
Pneumatophores are composed partly of aerenchymatous tissue, and are 
provided with numerous lenticels; their mechanism of gas exchange is by 
development of negative gas pressure (Scholander et al. 1955, Skelton and 
Allaway 1996). In spite of the negative effects on the host tree of fouling 
organisms (Perry 1988, Ellison and Farnsworth 1992), the surface of most, but 
not all, pneumatophores is usually colonised by algae and/ or invertebrates. 
There have been no studies of the meiofauna of tropical mangrove 
pneumatophores, and only one previous study (Nicholas et al. 1991) of 
temperate mangrove meiofauna has included a sample (taken from one square 
metre) of pneumatophores. 
 
However, in contrast to the relative neglect of meiofauna, the ecology of sessile 
and mobile epibionts (animals or plants whose habitat is the surface of a living 
structure) of macrofaunal size has been investigated by several authors working 
in tropical and temperate mangrove systems. In the temperate climate of South 
Australia, Bayliss (1993) studied the distribution of barnacles on 
pneumatophores of Avicennia marina and found that adults of Elminius 
modestus and Balanus amphitrite were most abundant in an intermediate region 
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between the tip and the base of the pneumatophores. E.modestus was oriented 
with 85% of individuals facing inland, and a bare strip of pneumatophore on the 
seaward aspect, suggesting that processes that affect settlement or survival of 
these epibionts operate at a small scale. 
 
Non-random patterns of distribution upon pneumatophores have also been 
demonstrated in phytal studies. Algal distribution in tropical West Africa was 
investigated by Lawson and John (1982) who examined the vertical zonation of 
epiphytic algae along pneumatophores. These authors showed that epiphytic 
algae were arranged in a vertical series of belts along the pneumatophore 
analogous to the vertically zoned distribution of many organisms on rocky 
shores. The position of a species in the zonation sequence was determined by 
abiotic factors due to tidal ebb and flow. Studies of Rhizophora mangle in 
Puerto Rica (Almodovar and Biebl 1962, Kolehmainen and Hildner 1975) have 
shown that zonation on prop roots was due to osmotic resistance of algae 
interacting with tidal range and wave action. 
 
Further significance of abiotic factors was indicated by Dor (1984) who 
considered exposure to sunlight to be a significant factor for Cyanophyceae 
epiphytic on Avicennia pneumatophores in the Sinai mangal. These 
cyanobacteria dominated the pneumatophores where sunlight was available, but 
were absent from shaded regions near the tree trunk. 
 
Studies in Australia have also stressed the importance of abiotic factors in 
controlling the distribution of epiphytic algae. Beanland and Woelkering (1983) 
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suggested that canopy cover was a factor affecting the frequency distribution of 
mangrove-associated algae in South Australia.  In Westernport Bay, Victoria, 
Davey and Woelkering (1985) reported a decreasing trend in occurrence, cover 
and biomass of algae towards the landward side. From the examples described 
above it might be expected that abiotic influences could either directly or 
indirectly (via changes to their micro-habitat) affect the ecology of epibiotic 
meiofauna too, and this is an important theme in the present study. 
 
Although abiotic influences on macro-epibiont distribution are therefore clearly 
important, biological factors affecting distribution of macro-epibionts on 
pneumatophores might be expected to occur, because resources of space and 
possibly food may be limiting on such discrete units of habitat. However, 
Bayliss (1993) suggested that the abundance of pneumatophores without algae 
in South Australia implies that space for algae is not limited, and hence 
competition for space does not occur. In a study of macroalgae from a mangrove 
forest in Selangor, Malaysia, Aikanathan and Sasekamar (1994) concluded that 
communities on pneumatophores compete amongst themselves and with 
barnacles for space. These authors pointed out that some algal species coexist 
with barnacles, e.g. Rhizoclonium sp., whereas others (Colpomenia, Dictyota) 
were unable to do so.  
 
Aerial roots of mangroves grow out from the tree trunk and down towards the 
sediment, and provide natural refuge for epibionts from epibenthic predators 
until contact of the root with the substratum is made. In the red mangrove 
Rhizophora mangle in Costa Rica, Perry (1988) demonstrated that barnacles and 
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isopods have a negative effect on root growth rate until the root finally makes 
contact with the ground, after which the fouling invertebrates become accessible 
to a benthic predatory hermit crab, Clibanarius panamaensis. A similar example 
of delayed trophic interaction has been described from Belize, where epiphytic 
algae on aerial hanging roots were beyond the reach of herbivorous sea urchins 
until ground contact was made (Littler et al. 1985). The effects of grazing 
gastropods on meiofauna of pneumatophores is tested by an exclusion 
experiment in the present study. 
 
Whereas most of the available woody substratum is within intertidal depths, the 
distal parts of mangrove trees may extend into the subtidal zone. Thus 
mangroves may additionally provide subtidal hard substrata, as described by 
Ellison and Farnsworth (1992) for Rhizophora mangroves in Belize, Central 
America. The aerial prop roots of this species extend below Lowest Low Water 
before rooting in the benthic substratum. The patterns of epibiont distribution 
and abundance on such prop roots and their effects on root and tree growth were 
summarised by these authors. Farnsworth and Ellison (1996) considered the 
range of spatial and temporal scales over which mangrove epibiont communities 
were structured; their study concluded that larval supply was an important 
factor. The dispersal of temporarily pelagic (i.e. tychopelagic) meiofauna within 
the pneumatophores of the study site in the Barwon estuary was assessed in a 
field experiment. 
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1.1 The River Barwon estuary 
 
The Barwon estuary is described in the ‘OzEstuaries Database’ (2002) as a 
modified estuary, with a single constricted mouth, and an unbranched channel 
with off-channel embayment. The width of the estuary mouth is 0.86 km, and 
the length of the estuary is given as 9.88 km. It is a wave-dominated estuary, 
with a semi-diurnal tidal period. Figure 1.1 shows that the system includes two 
shallow lakes, associated swampy areas and a winding river, extending 
approximately 23 km between the city of Geelong and the mouth of the River 
Barwon. Mean annual rainfall in the region is 635 mm and the catchment area is 
4496 km2 of which 65% has been cleared. The vegetation of the estuary includes 
24.8 km2 of salt-marsh, 0.2 km2 of mangroves (Avicennia marina) and 0.001 
km2 of sea-grass (Zostera muelleri) cover (OzEstuaries Database 2002). 
 
The River Barwon estuary was studied by Sherwood et al. (1988) who described 
it as a dynamic ecosystem characterised by unpredictable, rapid and irregular 
changes in salinity and rate of discharge. The study encompassed physical, 
chemical and biological characteristics, and included plankton and macrofaunal 
analyses among the latter. Meiofauna was not examined. The following details 
of the estuary are taken from the report of Sherwood et al. (1988). The tidal 
prism of the Lower Barwon (the last 4.25 km of the river nearest its mouth at 
Barwon Heads) is equal to its volume (2.7 x 106 m 3). This causes most of the 
water to be exchanged after only a few tidal cycles, and the salinity of the 
estuarine water is normally fully saline, although the salinity may be reduced at 
ebb tides after high precipitation in the catchment. The river becomes wider and  
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shallower after it turns from a south-easterly to a south-westerly direction to 
flow to the sea at Barwon Heads, where the mean spring-tide amplitude at the 
estuary mouth is 1.6 m. The mouth remains open throughout the year even 
during periods of drought, unlike some other Victorian estuaries, e.g. the 
Hopkins River estuary in western Victoria, (Kench 1999). 
 
The study sites for the present project were located in intertidal regions along 
both the eastern and western banks of the estuary within 2 km of the mouth; the 
area is marked on the map (Fig. 1.1). The mean width of the estuary in this 
region is 372 m and the mean depth is 1.0 m (Sherwood et al. 1988). The water 
was fully saline throughout the field-study period at both sites. At a distance of 
4.5 km upstream from the mouth the river is narrower and deeper, and low 
salinities (<5) may occur above this section during seasonal floods. The 
catchment region has received below-average annual rainfall in every year since 
1995 (Bureau of Meteorology 2002).  
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Figure 1.1 ( following page) Location of the study site.  Sampling stations are 
marked with red asterisks. The red oval indicates the section of the River 
Barwon where mangrove trees (Avicennia marina) fringe the banks. 
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1.2 The aims of this study 
 
There have been relatively few studies concerning meiofauna of Australian 
estuaries in general (Coull 1999), and temperate mangroves in particular (Table 
1.1), and there are no previous studies of meiofauna in the River Barwon 
estuary. The initial field-study of this project therefore focussed on describing 
the assemblages from habitats within the mangrove ecosystem. The habitats 
were classified into sedimentary, phytal and detrital types. Meiofaunal 
assemblages were characterised from the muddy sediment and pneumatophores 
(Chapter 3). Patterns of distribution within dominant fouling macro-organisms 
upon pneumatophores were sampled, revealing differences between meiofauna 
at coarse taxonomic levels.  
 
Having examined the fine resolution of pneumatophore habitat by phytal 
meiofauna, the possibility of heterogeneity among leaf litter was of interest. 
Whereas pneumatophores represent fixed, discrete units of habitat, fallen leaves 
become stranded in patches where individual leaves are generally in contact 
with several others. Leaves may be moved, and mixed by hydrodynamic forces. 
A survey of meiofauna from Avicennia marina leaf litter was therefore 
undertaken, with the aim of testing whether the meiofaunal assemblage was 
homogeneous among fallen leaves of different age, and in two alongshore zones 
(Chapter 4).  
 
The composition and abundance of meiofauna within leaf litter on the forest 
floor of tropical mangroves was investigated in India by Krishnamurthy et al. 
(1984) and in Malaysia by Gee and Somerfield (1997) and Somerfield et al. 
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(1998). The Malaysian samples yielded a high diversity of nematodes and 
copepods on leaf litter, and the authors reasoned that the microbial film on the 
surface of leaf litter exerted a more significant influence on meiofauna than the 
structural integrity of the leaf. The present survey aimed to test the significance 
of the time since leaf dehision on the meiofaunal assemblage, and to compare 
the diversity of meiofauna on fallen leaves in this temperate zone with the 
quantitative values published by Gee and Somerfield (1997) and Somerfield et 
al. (1998). Additionally, the meiofaunal assemblages from leaf litter stranded at 
two levels of the shore were compared in order to test for differences 
attributable to the conditions within each shore level.  
 
In contrast to the few studies of meiofaunal distribution among phytal habitats in 
mangroves, patchy distribution of sedimentary meiofauna of mangroves (and 
elsewhere) has been well documented (e.g.Yingst 1978, Krishnamurthy et al. 
1984, Schrivers et al. 1995). A vertical distribution pattern, comprising the 
majority of meiobenthos in the sub-surface layer but becoming progressively 
less abundant with depth, has been shown in several studies, including some 
done in mangroves (Nicholas et al. 1991, Schrivers et al. 1995). Tidal-related 
migration of certain taxa has been demonstrated in intertidal regions (Boaden 
and Platt 1971), but a large degree of variation is apparent among some 
harpacticoid and turbellarian species (Armonies 1990), for example. In intertidal 
mudflats the downward migration of most taxa would be constrained by the 
shallow depth of the oxic layer. The present study therefore examined the 
vertical pattern of distribution of meiofauna, and also investigated changes in 
 18
abundance during several tidal cycles to clarify whether a tide-related migration 
of the meiofauna could be found at a coarse taxonomic level (Chapter 5). 
 
As well as downward migration of meiofauna into deeper sediment layers, the 
possibility of erosion from the sediment surface during high tide was 
considered. During submersion, the flocculent layer, consisting of fragments of 
detritus and associated biota, seems likely to be disturbed and redistributed into 
the water column. The relative significance of this re-suspension and hence 
temporary removal of meiofauna from the sediment surface at high tide was 
investigated by deploying traps to sample the tychopelagic (temporarily 
suspended, but otherwise normally benthic) meiofauna at the study site (Chapter 
6). 
 
Having explored some of the horizontal and vertical patterns of distribution of 
meiofauna within sediment, phytal and detrital habitats in the mangrove 
ecosystem, I focussed on some of the processes that influenced these patterns. 
Development of phytal assemblages was studied by means of a field experiment 
in which colonisation of epibionts and meiofauna onto ‘new’ patches of habitat 
was monitored (Chapter 7). The colonisation of real, but unfouled 
pneumatophores was compared with artificial mimic pneumatophores  in this 
study to assess possible substrata for future experiments.  
 
There is an extensive body of literature describing settlement behaviour of 
larvae of marine benthic macroinvertebrates (e.g. Knight-Jones 1955, Crisp 
1974, Butman 1987, Thompson et al. 1988). Meroplanktonic larvae and 
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meiofauna are of a similar order of size, and comparison of their behaviour 
during settlement and colonisation respectively is of interest, particularly in 
view of their contrasting life histories. Whereas benthic macrofauna are often 
sessile as adults, the meiofauna may be much more easily transported between 
ephemeral or unfavourable habitats. Discrimination by meiofauna of physical 
and/or chemical signals from substrata has been investigated in few studies. 
However, the use of endoscopic techniques has confirmed that surface 
exploration occurs (Walters et al. 1999) and field experiments have shown that 
there is discrimination between natural compared with azoic sediment (e.g. 
Fegley 1988). A manipulated field experiment was conducted here to investigate 
the effects of 3 factors on colonisation of meiofauna onto mimic 
pneumatophores (Chapter 8). The colonisation rate of a rugose substrate 
compared with a smooth one was tested. The effect of local supply of colonists 
was assessed by comparison between 3 sets of mimic pneumatophores, each 
placed in close proximity to a different assemblage of source meiofauna. 
Finally, in this experiment, the effect of a biofilm on colonisation was tested by 
conditioning the ‘receiving’ surface for different periods of time.  
 
There have been several demonstrations of direct and indirect structuring effects 
of grazing gastropods on hard-substratum assemblages (reviewed by Hawkins 
and Hartnoll, 1983; see also Anderson and Underwood, 1997 and references 
cited therein). Anderson (1999) demonstrated the importance of indirect effects 
in a macrofaunal estuarine assemblage in New South Wales, Australia, but the 
effect of herbivorous grazers on meiofaunal assemblages is less well understood. 
The advantages of mimic pneumatophores as substrata for colonisation 
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facilitated the design and execution of an experiment to investigate the effect of 
grazing on meiofauna assemblages (Chapter 9). The importance of biotic 
interactions in structuring intertidal assemblages has been appreciated since the 
classic studies by J.H. Connell on rocky shores, (e.g. Connell 1961) and the 
grazing experiment in this study was an essential component in the scope of the 
project.  
 
In summary, I begin with a review of methods used to extract meiofauna from 
samples (Chapter 2), in order to provide a background of this aspect of 
meiobenthology during the past fifty years. The empirical investigations 
described in the present study comprised a survey of meiofauna in sub-habitats 
of the mangrove ecosystem (Chapter 3), followed by two field experiments to 
further investigate ecological patterns, concerning leaf assemblages and vertical 
distribution of sedimentary meiofauna (Chapters 4 and 5). I assessed the role of 
pelagic dispersal in the maintenance of these patterns by a field experiment 
(Chapter 6). There were three field experiments in which I manipulated factors 
(Chapters 7-9) to examine ecological processes. The processes included 
colonisation of new patches of phytal habitat (Chapter 7), in which I tested the 
suitability of mimic pneumatophores as experimental models of phytal habitat. I 
assessed the role of biofilm age, surface rugosity and neighbouring patch type 
on colonisation (Chapter 8) and the effect of benthic grazers on meiofauna 
assemblages (Chapter 9). The overall study aimed to integrate the findings of 
this series of surveys and experiments in progressing towards an understanding 
of the ecology of meiofauna in this temperate mangrove ecosystem (Chapter 10, 
General Discussion). 
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Table 1.1 Studies of meiofaunal ecology in a) temperate and b) tropical Australian estuaries and sheltered embayments 
(adapted from Coull, 1999). The studies are arranged chronologically for each locality. 
 
Temperate localities 
 
Locality  Topic/finding Author(s) 
Impact of juvenile fish feeding on meiofauna. Found little impact of 
flounder feeding on the meiofaunal community   
Shaw and Jenkins 1992 
Cage experiment of gobies’ feeding behaviour: no effect of predation 
on meiofaunal abundance  
Henry and Jenkins 1995 
Victoria  
Port Phillip Bay 
Feeding of juvenile King George whiting: benthic harpacticoid 
copepods were the main prey item 
Jenkins et al. 1996 
Disturbance by soldier crabs had few effects on meiofauna  Warwick et al. 1990 Tasmania 
Little effect of chlorphenol on diversity and community structure 
meiofauna in mesocosms 
Moverley et al. 1995 
New South 
Wales 
Abundances and seasonal patterns of nematodes and copepods over 
one year 
Hodda and Nicholas 
1985 
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Hodda and Nicholas 
1986a 
Hunter River 
estuary 
(mangroves) 
Greatest densities were closest to the low tide mark 
Diversity at polluted sites was higher or similar to reference sites 
Hodda and Nicholas 
1986b 
Hunter River 
estuary 
Nematodes in anoxic sediments possessed intracellular sulphur 
accumulations 
Nicholas et al. 1987 
Hunter and 
Clyde Rivers 
Candlagan 
Creek 
Spatial scale of nematode population variation within, and between, 
estuaries 
Hodda 1990 
Mangroves in 
Waterfall Creek 
(a branch of the 
Clyde River) 
85% of nematodes in top cm of mud. Relative abundances of feeding 
groups changed in 4 shore levels between low tide level and high 
water spring tide level. 
Nicholas et al. 1991 
South Australia 
Murray River 
estuary 
Nematode density reduced during peak flushing periods Nicholas et al. 1992 
Qld, NSW A new species of nematode, Robustnema fosteri, from mangroves in 
Queensland and NSW 
Nicholas 1996 
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Tropical and subtropical localities 
 
Queensland 
(northern) 
Presence of mangrove tannins negatively impact meiofaunal densities 
along the north-eastern Australian coast 
Alongi 1987  
 Meiofaunal communities may not be tightly coupled to microbial 
dynamics in some tropical intertidal habitats 
Alongi 1988  
 Nematodes may not play a major role in the cycling of organic matter 
in tropical mangal sediments. 
Tietjen and Alongi 
1990  
 
 Nematode densities are highest in austral autumn and winter when 
sediment temperatures are less than 30°C 
Alongi 1990  
Queensland, 
Moreton bay 
Harpacticoid copepods in the diets of 2 species of fish Warburton and Blaber 
1992 
 Manipulation of bacterial densities revealed complex trophic 
interactions with meiofauna  
Walters and Moriarty 
1993 
 Juvenile winter whiting fed almost exclusively on harpacticoid 
copepods from the sediment surface 
Coull et al. 1995 
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Chapter 2 
METHODS USED TO EXTRACT MEIOFAUNA  
 
2.1 Introduction 
Accurate quantitative estimates of abundance and composition of meiofauna are 
dependent on the methods used for sample collection, processing and extraction. 
An overview of the methodology and apparatus used by meiobenthologists 
during the phase of increasing interest in the animals over the last forty years is 
given in this chapter, in which the aim is to describe the techniques, summarise 
the advantages and point out the problems encountered by some of the methods.  
 
Sediment-dwelling meiofauna inhabit a lacunar environment in which the 
available interstitial volume between particles of sediment is a function of 
particle size and shape. The volume of the interstices governs whether the 
meiofauna live as “gliders” in the wide voids of coarse sand, or as “burrowers” 
in the narrow spaces of finer sediments (i.e. where the mean grain size is below 
about 200 µm). The task of isolating the animals from the sediment for either 
qualitative or quantitative study has been performed in different ways according 
to both the aim of the investigation, and the characteristics of the substratum and 
of the animals. Methods for the extraction of meiofauna have been summarised 
by Pfannkuche and Thiel (1988). These authors described quantitative extraction 
methods suitable for use with either coarse or fine sediments, grouping those 
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suitable for extracting living animals in an optimal condition, or for routine 
extraction of either living or preserved animals. 
2.2 Extraction of living animals in optimal condition  
Techniques for collecting living meiofauna rely on the animals reacting to 
environmental gradients that drive them out of the sediment.  The sea-water ice 
technique and oxygen-depletion technique are published methods for isolating 
living animals in good condition, suitable for drawing or photomicrography.  In 
addition, the positive phototaxis of copepods was utilised by Couch (1988) as a 
means of attracting the animals towards a fibre-optic light source from where 
they could be collected by pipette. 
 
2.2.1 The Sea-Water Ice Technique 
Uhlig (1964) described this procedure, which is based on inducing animals to 
migrate downwards through a sample of sediment in response to a changing 
intensity of environmental factors. The factors are salinity and temperature, and 
the gradient is established by placing frozen, filtered sea-water (taken from the 
same vicinity as the sediment sample) over the sediment sample in a plastic 
column.  
 
Figure 2.1 shows that the percolation rate of melting ice through the sediment 
sample is slowed down by means of a layer of cotton-wool upon which the ice is 
placed. As the infauna detect the change from high to low salinity of the melting 
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sea-water, and perhaps also respond to the temperature reduction, they actively 
migrate away from the melting ice. The live animals are then collected as they 
emerge from the sediment, through a tightly fitting nylon net and into the 
collecting dish that makes minimal contact with the net. Additional melt-water is 
collected by a larger dish in which the apparatus is placed. The sea-water ice 
technique relies on animals migrating away from the approaching melt-water 
through the interstitial spaces, and thus works best in a coarse sandy substrate. 
Soft-bodied, motile taxa are efficiently removed from the sediment by this 
process, but others, such as nematodes are not quantitatively extracted.  
 
Figure 2.1. Seawater-ice extractor: I, insulation material; NG, nylon gauze; P1 + 
2, Petri dishes; PT, plastic tube; S, sediment; SI, seawater-ice; SW, sea 
water; TH, tube holder (taken from Pfannkuche and Thiel 1988, after Uhlig 
et al. 1973) 
 
Ruppert (1972) employed the Uhlig sea-water ice method to quantitatively 
sample from a core taken from below the water mark. The apparatus employed 
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an array of “coring-extraction tubes”, which were oriented perpendicular to the 
core to sub-sample at specified depths along the length of a modified suction 
corer. The arrangement is shown in Figure 2.2. After the core was collected, the 
subsamples were subjected to sea-water ice with minimum disturbance of the 
sediment in the core. This compound method allowed quantitative sampling 
above and below the ground-water level down into the shallow sub-tidal and was 
reported as being advantageous in reducing the total number of procedural 
stages between the beach and examining dish, and thereby reducing disturbances 
of the sampled material. The device depends on the density of the species 
selected for study occurring in a density high enough to ensure their inclusion in 
the coring extraction tubes.  
 
 
Crushed seawater-ice 
Rubber tubing 
Coring extraction tube 
sediment 
  39
Figure 2.2 a) 1-7 Sequence of quantitative extraction of fauna using coring-
extraction tubes.  b) 1-3 Sequence of operation of the modified suction-corer 
and subsampling with the coring extraction tubes.  
 
Many meiofaunal taxa, but particularly the copepods and platyhelminths, are 
known to migrate from the sediment up into tidal waters at night. Armonies 
(2000) provided details of a standardised procedure by which platyhelminths 
were extracted from cores placed into aquarium tanks. Conditions of 
temperature, light and core size were standardised to make routine extractions 
comparable, and after 24 hours darkness the aquarium water was collected and 
filtered through appropriate meshes. Sorting time of platyhelminths was reduced 
by 90% when this extraction method was employed. 
 
2.2.2 The Oxygen-depletion technique 
Meiofauna may be induced to move along an oxygen gradient when under 
deteriorating conditions of depleted oxygen availability, either towards the 
sediment/water interface, or into aerobic sediment.  Riedl (1953 first described 
the principle of ‘Klimaverschlechterung’ (meaning ‘deteriorating climate’), and 
the extraction procedure was later developed by Armonies and Hellwig (1986). 
Sediment samples from marine or brackish water sediments were placed in 
closed tubes in the dark for up to 4 days, causing them to become anaerobic. The 
mobile meiofauna were induced to migrate from the sediment sample into a 
layer of fresh oxygenated sand that was placed on top of the sample. At intervals 
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of 1, 2 and 4 days of storage the sandy top layer was removed from the tube for 
extraction of the animals therein, and a fresh layer of sand placed on the original 
sample, which was then returned to the dark. The storage temperature was 
between 5 and 20 °C, depending on outside conditions. The migrant, and 
presumably concentrated, meiofauna were extracted from the sand by repeated 
shaking and decantation. This technique would seem to be of limited use for 
quantitative studies because of the potential predatory and other trophic 
interactions occurring between the meiofauna during the prolonged extraction 
procedure. These may result in erroneous estimates of the initial community 
composition.  Whereas sand-dwelling meiofauna are known to attach to sand 
grains (Ax 1969, Noldt and Wehrenberg 1984), the meiobenthos from finer 
sediments did not attach to grains of sand after migrating into it (Armonies and 
Hellwig 1986). 
 
In order to test whether their migration technique provided quantitative recovery 
of the meiofauna, Armonies and Hellwig (1986) also extracted organisms from a 
“control” series of samples by decanting each sample into between 80 and 100 
Petri dishes. Presumably all these were counted. The mean number of animals in 
each broad taxon from the control and extraction series of samples was 
compared by a non-parametric Mann-Whitney U-test. The analysis showed that 
extraction was quantitative for some groups (e.g. Platyhelminthes, Polychaeta, 
Oligochaeta, Copepoda and Ostracoda) within the sites tested, but Nematoda and 
Halacarida were incompletely extracted. The rapid generation time of nematodes 
may be a significant problem in view of their being among the slowest taxa to 
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migrate from the mud into the overlying sand. It is interesting to note that the 
saltmarsh samples yielded significantly higher (p<0.001) numbers of 
oligochaetes from extracted samples than from control sorting: this was due to 
juvenile oligochaetes hiding inside the stalks of salt marsh plants. 
 
2.2.3 The bubbling technique 
Meiofauna that possess a hydrophobic cuticle may be simply collected from 
fine, muddy sediments by the bubbling technique, as used by Higgins and Thiel 
(1988) to collect kinorhynchs.  An aquarium air-stone and a pump may be used 
to generate the bubbles. Kinorhynchs and small crustaceans become stranded on 
the bubbles’ surface meniscus, from which they can either be picked off with a 
fine hook, or collected onto a piece of plain paper laid on the surface and then 
rinsed into a sieve. This technique is not quantitative, but concentrates certain 
taxa effectively. 
 
The use of bubbling carbon dioxide through water for simultaneous narcotisation 
and surface stranding would seem to be a potentially useful technique, as long as 
changes in pH are not important. The procedure is not described in the 
meiofauna literature. 
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2.3 Routine extraction of live or preserved animals 
The second group of methods is appropriate for processing both live and fixed 
samples, but may result in damage or death of animals due to either mechanical 
abrasion or chemical treatment. Three techniques depend on the differential 
passive sinking rates of sediment particles, detritus and meiofaunal organisms 
from a mixed column of water and sample material. These three extraction 
techniques are decantation, elutriation and flotation. A fourth method 
incorporates the use of a density-gradient solution or suspension, which serves 
as a flotation medium through which particles may be more finely separated by 
centrifugation. 
 
2.3.1 Decantation and sieving 
This is the simplest way to concentrate meiofauna in a sample.  It is achieved by 
suspending the sediment and fauna by stirring or shaking in seawater and, after a 
few seconds, allowing the heavier particles to settle, after which the supernatant 
is poured through a sieve, or set of sieves (see below for a discussion of sieve 
sizes). The larger particles and organisms are retained in the sieve, while the 
mud passes through. Several repetitions of the stirring and sieving will remove 
many of the animals from the sample, and the efficiency of the technique may be 
easily checked by periodically inspecting the sediment residue.  
 
The extraction efficiency from fresh samples containing live animals can be 
improved by narcotising the fauna prior to stirring the sample, in order to induce 
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those organisms with adhesive organs to lose their grip on the sediment 
particles. An effective narcotic is isotonic magnesium chloride (7.5g MgCl2 
.6H2O in 100 mL of distilled water) which is added in equal volume to the 
sediment, gently stirred and allowed to rest for 10 minutes before mixing and 
decantation. 
 
Higgins and Thiel (1988) described the use of ethanol as an alternative 
anaesthetising solution, added to the sediment sample in sufficient quantity to 
make a 5-10% solution and then left for 2-3 minutes before further processing. 
They suggested that formalin can be used in the same manner. Gray and Rieger 
(1971) found that extraction of sandy beach meiofauna in Robin Hood’s Bay, 
Yorkshire, was only 60% efficient if magnesium chloride was used as the sole 
narcotic, but when the samples were further treated with 10% ethanol, the 
extraction efficiency increased to almost 100%.  
 
Another simple technique to induce meiobenthos to release their hold on 
particles was given by Kristensen and Higgins 1984 (cited in Higgins and Thiel, 
1988) who subjected a few handfuls of the sand sample to brief suspension in 
freshwater before decantation. Two 10-15 second inundations with freshwater 
were adequate to release most individuals that were immediately returned to 
filtered seawater. This technique is equally effective for macrofauna and has 
been routinely used for non-injurious removal of octopuses from traps (Muntz 
and Gwyther 1988). 
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The problems associated with decantation arise from two sources: the impurity 
of the material retained on the sieve (i.e. the presence of unwanted sediment); 
and the possibility of non-extracted fauna remaining in the sediment. These 
problems are further addressed by elutriation of sediment as described in the 
following section. 
 
2.3.2 Elutriation 
This method of concentrating the meiofauna was introduced in 1957 by 
Boisseau, and has since been used and modified by many workers. Two 
potential sources of error arising from the impurity of retained material and 
organisms remaining in the sediment are more predictably reduced by the 
greater control and reproducibility under conditions of extraction. The sample of 
sediment is placed at the base of a vessel into which a stream of water is 
admitted from below. The sediment is suspended by the current and rises up the 
water in the separating funnel to a height above the sample that depends on the 
hydrodynamic equivalent diameter of the particles. Water carrying the 
maximally translated particles flows out from the top of the funnel and through 
an overflow tube onto a sieve, which collects the suspended particles and 
meiofauna as the water runs through. The sediment residue remains in the 
separating funnel. 
 
Important characteristics of the above process are the two forces ‘G’ and ‘W’ 
which act as velocity vectors, as shown in Fig 2.3.   
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Figure 2.3. Forces acting on a) spherical and b) elongate body shapes during 
elutriation. M, mass of particle; W, G are vector forces associated with 
water movement and gravity respectively. For b) W = ∑ ==nii iw1 ; G = ∑ ==nii ig1  
 
A particle of mass ‘M’ is entrained with the water when W>G.  For non-
spherical particles, the vectors ‘W’ and ‘G’ are functions of their component 
values (wi) and (gi)  at different points of the particle, and these depend on the 
shape of the particle. Thus the ease of separation of animals from the sediment 
particles is dependent on both the difference in mass and the difference in shape 
between the two.  It follows that, under a given set of conditions, separation of 
spherical animals from the sample is likely to be less efficient than separation of 
elongate ones; the significance of relaxants in extension of vermiform 
morphologies and inducing the opening of ostracod shells is readily apparent. 
  W 
w1 w1 w3 
  g1    g2    g3 
G 
M 
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The basis of elutriation by separation in a water current has been modified by 
subsequent authors in two general ways. These are the open versus closed 
pattern of water circulation through the apparatus, and the physical design of the 
separation funnel. Tiemann and Betz (1979) found that the conventional design 
yielded insufficiently quantitative results, and their improved design raised 
efficiency from a loss of 16% of organisms to only 5% loss during the 
elutriation.  The improvement in efficiency was achieved by developing a larger 
and narrower separating ‘funnel’ shaped so as to accommodate a larger sample 
of sediment and to allow complete, even and non-turbulent mixing of the 
water/sediment phases. Resistance at the outflow was reduced by a tapered 
shaping of the funnel head so that organisms were not hindered from leaving. 
Furthermore, by changing at intervals the mesh size onto which the meiofauna 
were collected, the sample in the sieve achieved a much higher level of purity; 
only 23 mg of unwanted sediment was retained in the sieves compared with 
2380 mg using the old method (Tiemann and Betz 1979).  
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Figure 2.4. A closed-circuit apparatus with newly developed elutriation funnel 
(taken from Tiemann and Betz, 1979) 
 
Elutriation with one velocity and the corresponding sieve was continued until 
organisms no longer left the funnel, after which the velocity was increased and 
the sieve and mesh size were changed. This ‘fractionated elutriation’ enabled an 
increase in meiofauna purity by a factor of ten. The authors did not provide 
details concerning the method of deciding when no further meiofauna enter the 
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column of the separating funnel, but did state that the organisms were stained 
with Rose Bengal and an ‘optical control’ was used. 
 
As with extraction techniques relying on induced migration through the 
sediment, the effectiveness of elutriation also depends on collecting those 
animals that may be temporarily attached to one or more particles by means of 
an adhesive gland as well as those that move freely through the interstitial 
spaces. The possibility of bubbling carbon dioxide through the sea-
water/sediment mixture prior to elutriation has not been assessed. 
  
The use of narcotics with live samples is facilitated by use of a closed elutriation 
system, in which the sea-water/narcotic mixture is recycled during processing. 
This may necessitate inclusion of a centrifugal pump and cooling tank in which 
the water reservoir is placed, as described in Tiemann and Betz (1979). 
 
The intentional use of warm-water elutriation for live samples was designed and 
practised by J. Ohde (unpublished, as described in Uhlig et al. 1973). In this 
apparatus, the sample receptacle is positioned at the top of the assembly, and the 
sample is allowed to sink down the inner pipe of a condenser, where the 
surrounding jacket tube contains water at 55 °C. The sample is thus warmed, 
causing nematodes to stretch and ostracods to open their shells, thereby 
increasing their water resistance and improving separation efficiency. However, 
in an experimental comparison of methods employed by different workers 
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(which, unfortunately, was not controlled for differences in efficiency between 
the workers), the efficiency of the warm water elutriation method ranked last 
(Uhlig et al. 1973). These authors compared elutriation, decantation and sea-
water ice methods, and found that, in general, elutriation and decantation were 
the quicker procedures, while the time in sea-water ice depended on the rate of 
the melting process. Efficiency of all methods decreased with decreasing mean 
grain size and increasing organic detritus content. 
 
Elutriation may be employed with preserved sediment samples, in which case 
tap water (filtered to prevent accidental inclusion of freshwater meiofauna, 
particularly nematodes) can flow through the system without the need for 
recirculation. Uhlig et al. (1973) stated that hard fauna (nematodes, ostracods, 
copepods, halacarid mites) are quantitatively extracted from preserved 
sediments, whereas the technique is unsuitable for soft fauna because they are 
insufficiently elutriated from preserved samples. This is presumably due to the 
contracted state of soft meiofauna in formalin-fixed samples, and may be partly 
improved by correct techniques of chemical relaxation for these animals prior to 
fixation. The observation made by Martens (1984) that anaesthesia of 
Turbellaria with magnesium chloride is not total suggests that the sequential use 
of at least two different narcotics with this taxon may be recommended. It is of 
interest in this context that Gray and Rieger (1971), in their study of Yorkshire 
meiofauna, found that 67% of Turbellaria in a sample was extracted (by 
decantation and sieving) after treatment with magnesium chloride, and the 
  50
remaining 33% was only collected after subsequent treatment of the residue with 
10% ethyl alcohol.  
2.3.3 The Oostenbrink Flotation technique 
The Oostenbrink flotation method was originally developed by plant 
pathologists for the extraction of soil nematodes (Oostenbrink 1960), and 
subsequently modified for use in a marine pollution monitoring programme by 
Fricke (1979). In common with decantation and elutriation methods, the 
Oostenbrink flotation method depends on differences in settling velocity 
between organic and sediment particles. The apparatus (Figure 2.5) consists of a 
separating funnel, but the sediment sample is washed in from the top, and the 
funnel then filled with water (at a flow rate of 1 litre/minute) from below. The 
funnel contents are drained out through a side arm that empties over a sieve into 
a collecting bucket, from which the supernatant can be recirculated through the 
system. The procedure was found to be equally effective in fine and coarse 
sands, although it was not suitable for muddy samples. Advantages, claimed by 
Fricke (1979), over the modified Boisseau method of elutriation include the 
suitability of Oostenbrink’s design for extracting soft meiofauna, the flexibility 
of altering the flow rate to optimise elutriation with sediments of different 
particle sizes, and the gentleness of the process which yields specimens in good 
condition. Both procedures take about the same time to complete, approximately 
9 - 12 minutes per sample. 
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2.3.4 Separation in density gradients 
Density-separation techniques again depend on differences in specific weight 
between meiobenthos and sediment particles, but the use of a medium providing 
a density gradient enables more efficient separation of meiobenthos from finer 
sediments than the three methods described above. Following on from early 
work in which various solutions had been tried, including zinc chloride, sodium 
chloride and carbon tetrachloride (papers cited in Higgins and Thiel 1988), 
Jenkins (1964) described the use of a saccharose solution as the centrifuging 
medium for separating nematodes and copepods from muddy soil. Modifications 
were subsequently developed by Heip et al. (1974) for use with detritus-rich 
marine sediments, but soft meiofauna were damaged by the high osmotic 
pressure resulting from use of sugary solutions. Additionally, the centrifugation 
Figure 2.5. Modified Oostenbrink’s 
elutriation apparatus. (Taken 
from Fricke 1979). 
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procedure had to be repeated several times to provide quantitative sampling of 
nematodes.  
 
The use of a colloidal density gradient for zooplankton separation was reported 
by Bowen et al. (1972). These authors used a silica polymer, Ludox-AM, which 
has a specific weight of 1.19 g cm –3. The idea was taken up for use in 
meiobenthology by Jonge and Bouwman (1977) who used Ludox-TM (specific 
weight 1.39 g cm -3) as a flotation medium for separating marine nematodes and 
copepods from detritus and fine-grained sediment. The method permitted a 
maximum sample volume of 7 and 13 cm-3, for quantitative isolation of 
nematodes and copepods, respectively. The sample was mixed with Ludox and 
after stirring was allowed to settle for 16 hours, during which the sediment 
particles sank to the bottom and organisms floated to the top. The supernatant 
(with suspended organisms) was then poured through a sieve and meiofauna 
enumerated in a Petri dish. For use with live samples, addition of 1 mL of 37% 
formaldehyde to each 2 mL of sediment promoted the release of sediment 
particles attached by the tail gland of chromadorid nematodes, which were 
otherwise inhibited from floating.  
 
Problems with the use of Ludox included the tendency of the surface to gel when 
in contact with air, and this required the flooding of the surface of settling 
beakers with distilled water for the duration of the experiment. The material is 
also toxic, and unsuitable for preparation of live animals. However, Jonge and 
Bouwman (1977) reported that dialyzed Ludox TM seems to be non-toxic.  
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Although the technique given above was described by the authors as being 
quantitative, their residue checks were made by repeating the same procedure of 
mixing the residue with Ludox, allowing particles to reach their relative vertical 
positions, and collecting the floating organisms a second time. However, the 
repeated use of the same process cannot be used to assess its absolute efficiency 
if there is an inherent deficiency in the technique itself. Furthermore, the post-
extraction residue was not inspected microscopically for the presence of 
remaining organisms, which may not have been extractable by the process used. 
 
Ludox TM was also used by Nicholas et al. (1991) as the density gradient for 
centrifugation of sediment from temperate mangroves in New South Wales, 
Australia. The extraction of nematodes from mud fixed with formalin 
immediately after collection was performed after a thorough mixing of the fixed 
sediment in a large volume of tap-water. Heavy particles were allowed to settle, 
mangrove roots and large detritus was removed by use of a coarse sieve, and the 
nematodes, together with fine particles and presumably other taxa, were 
collected onto a 50 µm sieve. This fraction was resuspended in water and mixed 
with kaolin (amount not given) and then centrifuged for 7 minutes at 7000 g. 
The pellet was resuspended in Ludox for a second similar centrifugation 
following which the nematodes were collected from the supernatant onto a 50 
µm sieve. Nicholas et al. (1991) tested the extraction efficiency of their 
technique by repeating the procedure 3 times; this indicated that the mean 
recovery with one extraction was 86% of the recovery attained after 3 
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extractions, and they calculated all their densities by multiplying values from 
single counts by 1.16. 
Some of the problems associated with the use of Ludox AM and Ludox TM 
silica sols were circumvented by Schwinghamer (1981) who applied a 
centrifugation technique in a non-toxic medium for extraction of meiofauna 
from sandy and muddy sediments. The silica sol ‘Percoll’ was made into a 
buffered mixture, as earlier described by Price et al. (1978) for separation of 
fragile marine dinoflagellates. Schwinghamer (1981) reports that the mixture 
consisting of Percoll, sorbitol and seawater has advantages over Ludox because 
Percoll does not gel in seawater, and it may be completely rinsed from the 
sample. Furthermore, because Percoll is non-toxic and does not cause 
appreciable osmotic damage, even soft meiofauna, protozoans and microalgae 
are extracted live and in good condition.  
 
Schwinghamer (1981) calculated the extraction efficiencies of the Percoll 
method for specific taxa from a natural, silt-clay sediment by performing serial 
extractions that comprised two Percoll extractions, followed by a third 
centrifugation of the residue in Ludox-TM. Taxa were enumerated after each of 
the three stages and the residue examined after the series of extractions. An 
additional assessment of the efficiency of the Percoll extraction technique was 
made on replicate samples of muddy and sandy sediments to which had been 
added known numbers of nematodes and harpacticoids. The tests of extraction 
efficiency showed that a critical factor in the technique was the ratio of sediment 
to Percoll:sorbitol medium, which must be no greater than 1:4. Sediment type 
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affected the success of extraction, with sand-free mud proving the least suited to 
the process, probably due to incomplete resuspension of the very compacted slug 
after initial centrifugation.  
 
For natural silt-clay sediments, Schwinghamer (1981) reported that 90% of the 
nematodes were collected after the second extraction (Percoll) with the 
remaining 10% retrieved by a third treatment with Ludox AM. For 
harpacticoids, 100% were collected after the initial centrifugation. Even 90% of 
ostracods, whose calcified valves would be expected to hinder their suspension 
in the medium, were enumerated after two extractions in Percoll. The results of 
residue inspections indicated that, of the four taxa studied, only testate 
foraminiferans (those with calcified tests) were present after the three 
extractions. All the forams with proteinaceous tests (the allogrominiids) were 
collected by the two extractions in Percoll. The second set of tests on sediment 
containing known numbers of animals revealed similar efficiency levels, but also 
showed that some harpacticoids and allogromiids were lost during the extraction 
procedure. Schwinghamer noted that the loss probably occurred during transfer 
procedures, and could be minimised with practice. 
 
The problem of gelling of unmodified (e.g. undialyzed) silica sols is caused by 
formation of covalent silaxane bonds, which trap the meiofauna in a white jelly 
of insoluble silica crystals (Iler 1979). In a recent study, Burgess (2001) 
described an improved protocol for using Ludox HS 40 – the least expensive 
unmodified sol available. A freshwater pre-wash before addition of a sol 
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removed the divalent cations from the seawater medium of samples, and this was 
followed by fluidising the samples in undiluted Ludox HS 40 on a vortex mixer. 
The animals floated up to the surface during mixing, because they are lighter 
than both the sol and the sediment particles. The sample was then centrifuged for 
5 minutes at 900 g, and the animals collected onto a 63 μm sieve. Extraction 
efficiency of the procedure was 96.8 ± 3.9% of the entire meiofaunal community 
abundance with one extraction. There was little change in the extraction 
efficiencies over a range of sediment types from sand to silty clay, although no 
tests were made on samples greater than 60% silt or clay. Because detritus has a 
specific density close to meiofauna the method does not separate these 
components in highly organic sediments, such as those from mangrove 
ecosystems 
 
2.4 Sieve sizes used to collect extracted meiofauna. 
The mesh size of the smallest sieve onto which the separated meiofauna is 
collected is crucial in determining the final fraction retained, and the results used 
for subsequent qualitative and quantitative analyses. Unfortunately there is no 
standard size that has been adopted by meiobenthologists, and a range of sieve 
mesh sizes has been employed in mangrove meiofauna studies, listed in Table 
2.2. Comparison of samples prepared by different workers should give 
consideration to the methods of extraction and also the mesh size used. 
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2.5 Current General Laboratory Practice  
Use of Ludox TM is now widely employed by meiobenthologists, and the 
laboratory manual published by Somerfield and Warwick (1996) has enabled 
this procedure to be successfully and routinely adopted by many users. The 
operation involves initial washing of the sample, followed, if necessary, by a 
decantation extraction with tap water to remove much of the sand. Ludox TM is 
supplied with specific gravity of 1.40 and must be diluted (2 parts Ludox: 3 parts 
freshwater) prior to use. This provides a colloidal solution of specific gravity 
1.15, the average value of the animals themselves. The precise density is 
checked using a hydrometer. 
 
The extraction procedure is successfully employed without centrifugation, and 
entails mixing the sample with at least 10 times its volume of Ludox in a tall-
form beaker. This is stirred vigorously and then left for 40 minutes, when the 
supernatant is poured through a sieve of appropriate mesh size (40 - 63 μm mesh 
sieves have been used, see Table 2.2). The Ludox is returned to the residue and 
the sample extraction is repeated 2-4 times. The collected fauna on the sieve is 
rinsed thoroughly with tapwater to remove all traces of Ludox, which can 
otherwise reduce optical clarity of the specimen under microscopic examination.   
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2.5.1 Sample extraction procedure used in the present study 
In the current investigation the Ludox flotation method described above was 
used to extract and collect meiofauna from mangrove sediment, and from phytal 
samples. It was found to be very efficient for separating silt, mud and fine sand 
grains from organic material that included the meiofauna. Phytal samples often 
included relatively more algal fragments, and the specific gravity of these was 
closer to meiofauna organisms than to sediment particles. Therefore the finest 
algal fragments were sometimes retained along with the meiofauna on the mesh 
screen. 
 
A nested pair of stainless steel sieves, made to American specifications and 
measuring 3 inches in diameter was used in sample processing. The upper and 
lower mesh sizes were 500m and 53µm respectively. This grade for the finer 
mesh was adopted after initial tests found a 63µm screen to be unsuitable due to 
the large number of nematodes consistently found in the filtrate. Whilst the 
aperture is smaller than the recommended protocol in Somerfield & Warwick 
(1996) it falls within the range of mesh sizes currently used around the world 
(Table 2.2), and was used consistently for all samples in the present study. 
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Table 2.1  Summary of published meiofaunal extraction methods * - precise value not given 
Extraction method Faunal group 
bias 
sediment type type of sample 
sand     mud    live    fixed 
extraction        extraction 
speed              efficiency 
Reference 
sea-water ice Total fauna sand √ x √ x ‘slow’* ? Uhlig et al. (1973) 
sea-water ice Turbellaria sand √  √   less than 50% Martens (1984) 
(sea-water ice tried and 
abandoned) 
decantation after MgCl2 and/or  
alcohol (10%) rinses 
Total fauna sand  
√ 
   
√ 
10 mins for 
anaesthetisation 
with MgCl2 
1 min with ethyl 
alcohol 
 
58.5% of total fauna, 
using both anaesthetics. 
99.9% using both. 
Gray and Rieger 
(1971) 
Decantation and sieving Total fauna 4 grades: 
medium/ coarse/ 
fine/ muddy sand 
√ x (√) √ ‘slow’* 
 
not quantified Uhlig et al. (1973) 
Decantation with narcotic 
(MgCl2)  
Turbellaria sand √  √   less than 50% Martens (1984) 
‘Klimaverschlechterung’ 
(migration from mud into sand) 
Total fauna mud   
√ 
 
√ 
 
x 
120 hours 
migration: 30mins 
to extract 
approaches 100% Armonies and 
Hellwig (1979)  
coring-extraction tubes Not given mean grain size 
200-350µm 
√ ? √  a tidal cycle not quantified Ruppert  (1972) 
Barnett method (trough) Turbellaria sand √   √  better than 50% Martens (1984) 
Modified Oostenbrink apparatus Nematodes and 
copepods 
medium-fine and 
coarse sand 
 √ x   9-12 mins ? Fricke (1979)  
elutriation Total fauna sand √ x  √ ‘quick’* not quantified Uhlig et al. (1973) 
elutriation Nematodes and 
copepods 
coral sand √ x  √ 45 mins 95% Tiemann and Betz 
(1979)  
density-separation (Ludox-TM) Nematodes and 
copepods 
detritus and fine 
grained sediment 
 √ √ √ quick* 100% for copepods Jonge and Bouwman 
(1977) 
differential centrifugation 
(Ludox TM) 
Nematodes mangrove mud x √ x √ approx. 20 
minutes 
86% of 3 extraction total 
after one extraction 
Nicholas et al. (1991) 
differential centrifugation 
 (Percoll) 
Nematodes, 
harpacticoids, 
ostracods, 
forams 
sand and mud √ √ √ √ approx 1hr 90-100% nematodes and 
copepods 
Schwinghamer 
(1981) 
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Table 2.2 The mesh sizes used to retain meiofauna in published mangrove studies. 
Author  Locality Mesh size  Extraction method 
Alongi 1987, 1988, 1990 Queensland, Australia 45 µm Centrifugation in Percoll silica gel at 490g x 20 min 
Dye 1983 South Africa  63 µm Centrifugation after treatment with Ludox HS40 
Gee and Somerfield 1997 Malaysia 63 µm Flotation in Ludox SG 1.15 
Hodda and Nicholas 1985,1986 NSW, Australia 50 µm Kaolin added, then pellet centrifuged at 300 rad s-1 x 7 mins 
Nicholas et al. 1991 NSW, Australia 50 µm Kaolin added, then pellet centrifuged at 6000g x 7 mins in 
Ludox TM, SG 1.2 
Nicholas 1996 NSW, Australia 60 µm ? 
Olaffson 1995,  
Olaffson et al. 2000 
Zanzibar 
 
40 µm Flotation in Ludox SG 1.15  
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Schrivers et al. 1995 Kenya 38 µm Centrifugation 2734g x 3 x 3 mins with Mg SO4 (density 
1.28) 
Somerfield et al. 1998 Malaysia 63 µm Flotation in Ludox SG 1.15 
Zhou 2001 Hong Kong 63 µm Flotation in Ludox TM50 density 1.15, and centrifugation in 
Ludox at 3000 rpm x 3 mins 
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Chapter 3 
MEIOFAUNA IN PHYTAL - BASED AND SEDIMENTARY 
HABITATS OF A TEMPERATE MANGROVE ECOSYSTEM - A 
PRELIMINARY SURVEY. 
 
3.1 Abstract 
The assemblage structure of meiofauna from mud and pneumatophores bearing 
either barnacles, algae or both these epibionts was investigated in a preliminary 
survey of a temperate mangrove. The abundance of the sedimentary meiofauna 
(2170±155 individuals.10 cm-2) was found to be similar to values reported from 
mangrove mud in other studies. The density of meiofauna on pneumatophores 
(52±11 and 39±5 individuals.10 cm-2 for pneumatophores encrusted with algae and 
barnacles respectively) was shown to be less than published values for sea-grass and 
Spartina i.e. other phytal assemblages. The  taxonomic richness (of level Order and 
above) of the habitats was compared by means of rarefaction curves to standardise 
samples for abundance. Meiofauna from mud showed highest taxonomic richness, 
(i.e. number of taxa) but the diversity in mud, extimated by the Shannon index, was 
significantly lower than on pneumatophores in the algal habitat.  Barnacle-encrusted 
pneumatophores were dominated by halacarid mites, whereas algal-covered 
pneumatophores supported an more even assemblage of harpacticoid copepods, 
halacarid mites and nematodes. Multivariate analyses using ANOSIM showed the 
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meiofauna assemblages from the three mangrove habitats were significantly 
different. These findings form the basis for further studies of the meiofauna of 
mangrove epibionts and are discussed in the context of the small-scale physiognamy 
of these habitats. 
 
3.2 Introduction 
ALTHOUGH two papers by Gee & Somerfield (1997)  and Somerfield et al. (1998) 
have examined the meiofaunal communities in Malaysian mangrove leaf litter, there 
have been few studies of the meiofaunal community of living mangrove structures 
such as trunks, branches, hanging roots and pneumatophores. These biogenic 
structures offer a firm, phytal surface in a benthic habitat which otherwise consists of 
soft mud. In only one study has the meiofauna of pneumatophores been examined, 
and this was for a single square metre of pneumatophores cut from the mangrove 
Avicennia marina in New South Wales (Nicholas et al. 1991). Macro-organisms 
such as barnacles, filamentous and thalloid algae grow patchily upon 
pneumatophores but any effect that these may have on resident meiofauna is not 
known. 
 
In contrast with epiphytal assemblages, sedimentary meiofaunal communities of 
tropical mangroves have been extensively studied. Alongi and colleagues reported 
lower nematode abundances from mangroves in tropical northern Queensland than 
from other coastal systems around the world (Alongi 1987a). In laboratory and field 
trials Alongi (1987b) showed that meiofaunal abundance was negatively affected by 
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mangrove derived tannins (plant secondary metabolites), and the poor nutritional 
value of mangrove detritus (Alongi & Christoffersen 1992). The use of secondary 
metabolites by aquatic and terrestrial plants to deter herbivores and detritus feeders is 
well documented (for references see Alongi 1987b).  However, in a southern African 
estuary, Dye (1983) found that meiofaunal density was highest in samples of 
sediment taken within the denser parts of the mangrove forest where the highest 
concentrations of tannins in the sediment might be expected. 
 
 In the mangroves of temperate south-eastern Australia, sediment-dwelling 
meiofauna have been studied by (Hodda & Nicholas 1985 1986; Hodda 1990; 
Nicholas et al. 1991). Nematode densities in New South Wales were within the range 
for mangroves elsewhere, but lower than those for non-mangrove estuaries (Nicholas 
et al. 1991). Many nematode genera and some species were found in common 
between tropical and temperate mangrove systems. 
 
The correlations between physical factors in the environment and some parameters 
of meiofaunal populations in the Hunter river estuary were examined by Hodda & 
Nicholas (1985). Elevation above low tide mark, salinity, presence of algal food, 
depth of the reducing layer and pollution were factors that accounted for differences 
in meiofauna between sites. Temporal changes in sedimentary meiofauna from the 
Hunter River estuary were investigated by Hodda & Nicholas (1986) and shown to 
be largely non-seasonal. The presence of mangroves and the mild climate were 
suggested to explain the contrast with seasonal fluctuations in density of meiofauna 
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from estuaries in other parts of the world. Variation in nematode populations from 
three south-east Australian estuaries was further examined by Hodda (1990) who 
showed that stochastic changes probably caused by small scale spatial and temporal 
variability on food sources accounted for the largest component (35%) of the total 
variation. 
 
 This study aims to examine the abundance and composition of meiofauna from 
pneumatophores compared with sediment assemblages, within a temperate 
Australian mangrove forest located in Victoria by addressing  the following 
questions. 
1. Which meiofaunal taxa utilise pneumatophores of Avicennia marina as 
habitat? 
2. Do these assemblages differ in their composition and abundance from 
sediment meiofauna?  
3.  Is the meiofaunal composition of a given pneumatophore related to the 
dominant macro-epibiont growing on the pneumatophore and hence may it be 
predicted from these more easily visible communities? 
3.3 Methods 
3.3.1 The study site. 
The study site consisted of an intertidal area measuring 60m x 50m, situated on the 
eastern bank of the Barwon estuary on the southern Victorian coast of Australia 
(38°17’S; 144°30’E). The tidal amplitude in the area was 1.8 metres, and the study 
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site was immersed to a depth of approximately one metre at the seaward edge at 
mean high tide. The site was staked out into 4 horizons (0-3 in Fig. 3.1) parallel to 
the shoreline and these were naturally defined by the extent of the saltmarsh, the 
position of the landward and seaward edges of the tree canopy, and the seaward 
extent of the pneumatophores. The horizons were divided along the length of the 
study site into 4 transects (A-D in Fig. 3.1). 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1 Plan of the study site. Horizon 0 - saltmarsh vegetation, horizon 1 - 
landward half of the canopy-shaded mudflat; horizon 2 - seaward half of the 
canopy-shaded mudflat; horizon 3 - unshaded mudflat with pneumatophores.  
A-B are four parallel transects within which samples were collected. Location of 
a drainage channel is indicated by the broad broken line.  
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3.3.2 Sample collection and processing.   
 Samples were collected randomly from the 16 grid-cells on 6 dates at intervals of 
between 2 and 6 weeks apart over 16 months between July 1996 and November 
1997. A total of 171 samples were collected, comprising 98 sediment cores and 73 
pneumatophores. Each core was removed using a drinking straw of internal diameter 
6 mm, which was inserted carefully and vertically into the mud to a depth of 10 mm. 
Pneumatophores were clipped off just above the sediment surface and transferred 
individually to sealable plastic bags. All samples were transferred to the laboratory 
and fixed in 10% formalin with Rose Bengal soon after collection. Each sediment 
core was washed through nested 500µm and 53µm sieves and the retained fraction 
then backwashed into a counting tray. This was scanned at x20 magnification; all 
animals were identified to major taxon (Phylum, Class, Order) and counted. The 
length and diameter of each pneumatophore was recorded, and percentage cover (to 
the nearest 10%) of algae and/or barnacles on each pneumatophore was estimated by 
eye. Each root was then transferred to a stoppered measuring cylinder for repeated 
shaking and decantation. At least 5 washings were made for each sample; the process 
was repeated until no further meiofauna were extracted. The specimens were 
collected onto a 53µm sieve and counted as described above for sediment cores. 
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3.3.3 Field data collection and analysis 
Pneumatophores  
The density of pneumatophores was estimated by counting the number in 50 x 50 cm 
quadrats placed at 2 metre intervals down a transect extending from the Avicennia 
canopy edge to the seaward extremity of any pneumatophores. Data from four 
transects (A-D, see Fig. 3. 1) were recorded.  
 
Pneumatophore surface area was derived from the formula for surface area of a 
cylinder (SA=π.d.l, where ‘d’ is the diameter and ‘l’ the length of the 
pneumatophore, measured using calipers). The tip area was not included due to its 
attenuated shape and absence of epibionts (pers. obs.) The pneumatophores provide 
discrete islands of solid substratum, each of which is either bare, partially or entirely 
covered in algae, barnacles or a combination of these epibionts. Because of their 
characteristics and the dominant epibiota, these phytal habitats may be described as 
algal, barnacle  or mixed biotopes, respectively. The percentage cover of algal and 
barnacle epibionts on pneumatophores was estimated to the nearest 10% by eye, and 
multiplied by the pneumatophore surface area to estimate the total surface area of 
each biotope. Meiofauna in pneumatophores and sediment biotopes were expressed 
as numbers 10 cm-2. 
 
Data were analysed using univariate statistics within the SYSTAT and SPSS 
software package and non-parametric multivariate techniques in PRIMER (Plymouth 
  74
Routines in Multivariate Ecological Research), (Clarke & Warwick 1994). ANOVA 
was used to test whether substratum type was a significant factor affecting 
abundances or diversity indices. Cochran’s test was used to test for homogeneity of 
variances (Underwood 1997), and all animal abundances were log10 transformed 
prior to ANOVA to minimise heterogeneity.  
 
Diversity of meiofauna sampled from mud, algal and barnacle biotope was compared 
using the Shannon Index, and evenness values estimated by Pielou’s Index. The 
means of these indicators were tested between habitats by ANOVA. 
  
Taxonomic richness in each habitat was estimated using rarefaction curves generated 
by the ECOSIM program (Gotelli & Entsminger 1997). These curves illustrate the 
expected number of taxa in a small sample of individuals from each habitat, allowing 
for a comparison of the number of species taxa in samples that have been 
standardisied for abundance (Gotelli & Graves 1996). Rarefaction permitted 
comparisons to be made between the diversity of assemblages from the surface of 
pneumatophores and within mud cores. The rarefaction procedure, unlike other 
diversity measures, is based on an appropriate statistical model, is sensitive to rare 
taxa and unbiased by sample size (Smith & Grassle 1977).  
 
Multivariate analyses were performed using PRIMER software on the assemblages 
of meiofauna from algal-covered pneumatophores, barnacle- covered 
pneumatophores and mud. For the multivariate analyses counts of taxa from a total 
of 171 samples collected over 16 months from the same substratum type on the same 
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date and from the same grid-cell within the study-site were pooled, to give 27 mean 
values. These mean abundances from each set of replicate samples were used in 
construction of a Bray-Curtis similarity matrix, after double square root 
transformation. Ordination of the sample means from the similarity matrix was by 
non-metric Multi-Dimensional Scaling (MDS, Clarke & Green 1988). Statistical 
differences among a priori groups was tested using the ANOSIM permutation test 
(Clarke 1993) where the null hypothesis was that no significant differences existed 
among the similarities of meiofauna assemblages from the 3 biotopes.  
 
The contribution of each species to the average Bray-Curtis dissimilarity between 
pairs of groups was computed using the similarity percentages procedure (SIMPER,) 
(Clarke 1993). The average similarity within a group was also calculated by this 
PRIMER module. 
 
The relationship between abundance of fauna and the interval between sampling 
dates was examined using the RELATE module of PRIMER, which is a permutation 
test for examining the lack of relationship between any two similarity matrices. This 
test discerns temporal trends when a date matrix is compared with the abundance 
similarity matrix. 
 
Association between sampling sites and abundance of taxa was also investigated 
using RELATE, where the second matrix was computed from a 2-dimensional 
spatial layout of the 16 grid cells within the study site. 
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3.4 Results 
3.4.1 Availability of substrate.  
 
The highest density of pneumatophores occurred under the canopy of Avicennia 
trees, and decreased with distance down the shore from the trees (Figure 3. 2). The 
available area of algal- and barnacle-covered habitat was derived from the 
percentage cover of each epibiont, the density of pneumatophores per square metre 
and their surface area. Results for each transect are presented in Figure 3.3. 
Pneumatophores under the tree canopy and at the seaward edge bore sparse epibionts 
compared with pneumatophores between these boundaries. Barnacles generally 
occupied more primary space on pneumatophores than algae. The epibiont coverage 
on any pneumatophore was generally dominated either by algal growth or barnacles. 
Only 63 pneumatophores from 73 sampled were estimated to have about 50% 
coverage of each biotope.  
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Figure 3.2 The density of pneumatophores along 4 transects in the Barwon 
Estuary.  The mean density and  standard error of densities from three quadrats 
at each point is shown. Transects A-D were approximately 20 metres apart; for 
location refer to Figure 3.1.  
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Figure 3.3. The  percentage area of algal- and barnacle-covered 
pneumatophores relative to the area of sediment, along  transects A - D.  
 
3.4.2 The total abundance of meiofauna in each habitat.  
 
The mean overall abundances of all animals from each different habitat are shown in 
Table 3.1a. The abundance of animals from mud samples was significantly greater 
than from an equal area of pneumatophore biotope. The effect of grid position on the 
total abundance of animals from all substrata was found to be insignificant (1000 
permutations gave a Global Rho of -0.193, significance level 100%) 
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Table 3.1 a) The abundance of meiofauna (all taxa) from intertidal mangrove 
habitats in the Barwon Estuary. Common superscripts identify the abundances which 
do not differ significantly. 
Habitat Mean abundance 
(individuals 10 cm-2) 
Standard 
error 
No. of 
samples
Mud 2170a 155  98 
Pneumatophores  with algae      52b   11 25 
Pneumatophores with barnacles      39b 5 40 
 
b) Analysis of variance of total abundance (log number of individuals  
10 cm-2) of meiofauna in different habitats.  
Source of 
variance  
df mean-square     F- ratio         P 
substrate    2     325.753      442.857        <0.001 
error 160    0.736   
 
 
Although no differences were detected between transects (Table 3.2a), there was a 
significantly lower number of meiofauna from barnacle-covered pneumatophores on 
the landward half of the tree-shaded zone (horizon 1) compared with under the 
seaward side of the canopy (horizon 2), and the exposed mudflat (horizon 3), as 
shown in Table 3.2b.  
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Table 3.2 The mean abundance and results of one-factor ANOVA of all 
meiofauna contrasting the transects (a) and horizons (b) of the study site. See Figure 
3.1 for details of the locations. n.a.=No barnacle-fouled pneumatophores were 
present in Horizon 0. 
a) 
  Substrate Mean density meiofauna 10 cm-2  
of substrate in Transect: 
F P 
 A B C D   
Mud 2000 2558 2260 1986 0.859 0.465   
Pneumatophores 
with algae 
62 53 111 29 2.925 0.058    
Pneumatophores 
with barnacles 
47 31 20 14 0.499 0.685   
 
b) 
Substrate Mean density meiofauna 10 cm-2 
of substrate in Horizon: 
F P 
 0 1 2 3   
Mud 2135 2750 1736 2162 1.050 0.374    
Pneumatophores 
with algae 
24 74 22 49 1.910 0.159    
Pneumatophores 
with barnacles 
n.a. 1.4  46 39 13.137 <0.001  
 
 
 
The combined totals of meiofauna from pneumatophores and sediment are shown in 
Figure 3.4. 
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Figure 3.4. The mean abundance (+/- standard deviation) of total meiofauna from 
pneumatophores and sediment, within the study site.  Horizon 0 - saltmarsh; 
horizon 1-, 2- landward, seaward side of the canopy; zone 3 - mudflat. Transects 
1-4 are adjacent strips running from the saltmarsh to the seaward limit of the 
pneumatophores (see Figure 3.1 for details). Total n=171 samples 
 
The relative contribution of the pneumatophore-dwelling meiofauna as a percentage 
of the total abundance from sediment and pneumatophores averaged over the 16-
month sampling period was examined. Because there was no significant difference 
between the abundance of meiofauna on algal- or barnacle-covered roots (see Table 
3.1a), the combined average abundance of meiofauna 10 cm-2 of pneumatophore was 
used to estimate the density of meiofauna from the pneumatophore surface area 
available per square metre of sediment. This overall meiofaunal density on 
pneumatophores of 45 individuals 10 cm-2 was used with the estimates of surface 
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area and density to yield an estimated value of 13 phytal-dwelling meiofaunal 
animals 10 cm-2 of sediment. 
 
3.4.3 Composition of meiofaunal assemblages.  
 
Sedimentary and phytal habitats were found to differ in coarse taxonomic 
composition (Table 3.3) as well as in total abundance of meiofauna, as described 
above. Nematodes were the dominant taxon in mud, representing 87% of the total 
organisms collected in sediment samples, with polychaetes and copepods comprising 
respectively 65% and 4% of the total. In phytal samples nematodes accounted for 
40% of the meiofauna from algal biotope, with halacarid mites being the second 
most abundant taxon (31%). Pneumatophores bearing barnacles showed the least 
even assemblage (Table 3.3) in which 91% of the meiofauna was halacarid mites, 
with copepods representing a further 7% of the total. Nematodes comprised only 1% 
of the animals from the barnacle biotope. Only halacarids were found living on bare 
pneumatophores.  
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Table 3.3 The percentage composition and total numbers of meiofauna in 
sediment and phytal samples. (Alg - pneumatophores with algae; Barn - 
pneumatophores with barnacles; Alg/ barn - pneumatophores with algae and 
barnacles; Bare - pneumatophores without epibionts). 
Taxon Mud Alg Barn Alg/ 
barn 
Bare  Total indivs 
counted 
Nematoda 86.5 40.1 1.1 4.7 0 6161 
Copepoda 3.8 16.6 7.4 24.5 0 1492 
Halacarida 0.2 31.2 90.7 69.1 100 7073 
Polychaeta 5.5 0.6 0.1 0.1 0 326 
Oligochaeta 0.3 0.6 0 0 0 82 
Dipteran larvae 0.3 5.1 0.8 1.6 0 238 
Kinorhyncha 1.4 0 0 0 0 77 
Turbellaria 1.0 4.4 0 0 0 193 
Cnidaria 1.0 0 0 0 0 56 
Sum 5540 3091 5583 1453 31 15698 
No. samples 98 25 40 6 2 171 
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3.4.4 Diversity of meiofaunal assemblages in different habitats.  
 
Table 3.4a shows the Shannon diversity index and Pielou’s evenness index for 
meiofaunal communities from mud, algal and barnacle habitats. The distributions of 
the populations of H’ and J values satisfied normality requirements, although 
variances between substrates were not homogenous. ANOVA was used to compare 
each index between habitats (Table 3.4b) and significantly different means were 
tested by a Tamhané post hoc test, which does not assume homogenous variances. 
There were significant differences between the assemblages for both Shannon 
diversity and Pielou evenness indices. Highest diversity was displayed by meiofauna 
from algal habitat, followed by barnacle habitat, with lowest diversity present in 
mud. Pielou’s evenness index revealed that both epibiont-based assemblages of 
meiofauna were more even in their community composition than sediment meiofauna 
(P<0.001). There was no difference between evenness of algal and barnacle biotopes 
(P=0.943). 
 
Rarefaction curves for each habitat are shown in Figure 3.5. In small samples the 
richest assemblage was from pneumatophores bearing algae (Figure 3.5a). A 
collection of just 20 - 30 individual meiofauna organisms from the algal biotope 
would be expected to include 5 taxonomic groups at the level of order, class or 
phylum. The taxonomic richness of small samples (i.e. 30 animals) from mud, 
pneumatophores with both epibionts and pneumatophores with barnacles is lower 
than (but not outside) the 95% confidence limits of) the value for algal biotope. 
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Lowest species richness was from bare pneumatophores from which only one taxon 
(halacarid mites) was collected.  
 
Table 3.4 
a)  Shannon Index (H’) and Pielou’s evenness index (J) values for communities from 
the sediment (Mud) and from algal-covered (Alg) and barnacle-covered (Barn) 
pneumatophores.  Common superscripts identify means within each set of indices 
which do not differ significantly. 
 
Habitat Mean H’ standard 
deviation 
Mean J standard 
deviation 
number of 
samples 
Mud 0.562a 0.302 0.475a 0.199 87 
Alg 1.304b 0.216 0.707b 0.129 25 
Barn 1.036c  0.194 0.689b 0.147 40 
 
b)  ANOVA results for Shannon diversity and Pielou evenness indices between mud, 
algal and barnacle habitats. 
 Source of variance df mean-
square 
F-ratio P 
H’ between groups 
within groups 
total 
2 
149 
151 
6.733 
6.989x10-2 
 
96.338 <0.001 
J between groups 
within groups 
total 
2 
149 
151 
0.913 
3.127x10-2 
29.196 <0.001 
A. 
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 Figure 3.5. Rarefaction curves for the number of taxa (at the level of Order or 
above)  and the 95% Confidence Interval (CI) from mangrove habitats. a. 
Samples of less than 30 animals b. Samples of up to 1450 animals. Curves were 
generated using the ECOSIM program (Gotelli and Entsminger 1997).
 
 
The curve for species taxonomic richness (at the level of order and above) in the mud 
habitat crossed the asymptote reached in the mixed biotope at a sample size of 
approximately 18 animals (Figure 3.5a), showing that the expected species richness 
of these two habitats depended on the abundance being compared. Figure 3.5b shows 
continuing increase of species richness of the mud assemblage in samples of up to 
approximately 1000 animals, when the observed richness stabilised at almost 9 taxa 
at the level of order, class or phylum. Assessment of between 200-1450 animals from 
every habitat indicated that mud was significantly more taxon-rich than any epibiont 
assemblage, and that meiofauna from the algal biotope was richer than that from 
either the barnacle or mixed epibionts. Curves for the two latter assemblages levelled 
out at 5 taxa from 1450 animals. 
 
Multidimensional scaling (Figure 3.6) showed that the phytal and sedimentary 
communities fell into broadly different groups. The ANOSIM procedure indicated a 
significant difference between both types of pneumatophore community and the 
sediment community (Global R=0.670; sample R= 0.663, P<0.001 for algal vs mud 
biotopes; R=0.929, P<0.001 for barnacles vs mud biotopes), but not between the 
samples from pneumatophores with algae and those with barnacles(R=0.298, P= 1.0)  
  88
 
 
 
 
 
 
 
 
 
 
 
Figure 3.6. MDS ordination plot (based on Bray-Curtis similarity matrix) of 
communities of meiofauna from different habitats. Stress =0.11. Distance on the 
graph between any pair of points is proportional to the dissimilarity between the 
samples in terms of taxonomic composition and relative abundances. 
 
The contributions of the most discriminatory taxa found in the mangroves are shown 
in Table 3.5.  The meiofauna from algal and barnacle biotopes showed less 
dissimilarity to each other (i.e. average dissimilarity 38%,) than either of these 
assemblages did to the mud community (57% and, 68%, respectively).  The more 
common occurrence of nematodes on algal rather than barnacle biotopes accounted 
for the single greatest contribution to the dissimilarity between the two 
pneumatophore habitats (21%). Although nematodes favoured mud above either 
phytal habitat, and represented 87% of the meiofauna sampled from the sediment, 
  pneumatophores
with algae
  pneumatophores
with barnacles
  mud 
  pneumatophores
with algae & 
barnacles
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halacarid mites were the most discriminating taxon between either of the habitats 
within epibionts, and mud. 
 
3.4.5 Temporal and spatial patterns of meiofauna in the survey. 
 No seasonal trend in abundance of the high level taxa within the 16-month duration 
of this survey was demonstrated, since no significant associations were found 
between abundance and temporal sequence matrices (1000 permutations of data in 
RELATE module gave Spearman’s Rho of .002, significance 44.5%). The effect of 
grid position on the total abundance of animals from all substrata was found to be 
insignificant (1000 permutations gave a Spearman’s Rho of -0.193, significance level 
100%) 
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Table 3.5. Summary of the SIMPER analysis to show taxa that contribute most 
to the dissimilarity between pairs of communities. Favoured biotope was indicated 
by higher abundance. 
a) Algal- & barnacle-covered pneumatophores. Average dissimilarity = 38 % 
Taxon    Percent of   Cumulative %  Favoured biotope 
   dissimilarity        
Nematodes    21   21   algal 
Copepods    17   38   algal 
Halacarids    13   51   barnacle 
Dipteran larvae  12   63   algal 
Amphipods   11   74   algal 
 
b) Mud & algal-covered pneumatophores. Average dissimilarity = 57 % 
Taxon   Percent of   Cumulative %  Favoured biotope          
   dissimilarity        
Halacarids   24   24   algal 
Copepods   13   37   algal 
Dipteran larvae  12   49   algal 
Nematodes   12   61   mud  
 
c) Mud & barnacle-covered pneumatophores. Average dissimilarity = 68 % 
Taxon   Percent of   Cumulative %  Favoured biotope 
   dissimilarity        
Halacarids   31   31   barnacle 
Nematodes   19   49   mud 
Polychaetes   10   59   mud 
Copepods     8   68   barnacle 
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3.5 Discussion 
3.5.1 Sedimentary meiofaunal assemblages from mangrove habitats.  
 
The average density of meiofauna from mud in the Barwon estuary study site was 
2.17 x103 individuals 10 cm-2, a value that concurs with meiofaunal densities from 
elsewhere, as shown in Table 3.6. Studies have described the negative influence of 
mangrove tannins (Alongi  1987b) as well as enhancement of meiofauna abundance 
in the vicinity of fine mangrove roots (Nicholas et al.1991). This range of responses 
suggests that the relationship between meiofauna and mangrove roots, their 
metabolic products and decaying mangrove detritus is complex.  Whether the 
presence of rootlets in the sediment modifies either physically or chemically the 
effects of noxious plant metabolites is not known.  
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Table 3.6 Published estimates of the abundance of meiofauna in mangrove sediments. - = no estimate given 
Locality Latitude Nematodes 
x103.10cm-2 
Total meiofauna  
x103.10cm-2 
Author 
Vic., SE Australia 38°S mean 1.791 
range 0.050-6.850 
mean 2.170  
range 0.250-8.622 
Gwyther (present study) 
NSW, SE Australia 36°S 0.88  - Nicholas et al. (1991) 
NSW, SE Australia 32°S 0.063-11.892 - Hodda and Nicholas (1985) 
Transkei, S. Africa 31°S - 1.0 x 103 indivs.100cm-3 Dye (1983) 
Qld, NE Australia 19°S 0-2.117 - Alongi (1990) 
Kenya  4°S 1.2 - Schrivers et al.  (1995) 
South Andaman 12°N - 1.84 (max.) Rao (1986) 
India 19°N - 2-6 Goldin et al. (1996) 
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3.5.2 Meiofaunal assemblages from mangrove pneumatophores.  
The abundance of meiobenthos on pneumatophores was similar for the algal (52 
individuals 10 cm-2) and barnacle (39 individuals 10 cm-2) epibiont assemblages, 
but these were sparsely populated compared with the sediment.  There are no 
published estimates of abundance for meiofauna from pneumatophores with which 
present values may be compared. Because the abundances of these two 
assemblages were not significantly different, their mean value of 4.5 x 104 
individuals m-2 was used here to represent the average density of meiofauna m-2 of 
pneumatophore surface, for comparison with other epibiotic assemblages. 
However, comparison with published values is problematical because of the 
different ways in which the substratum is quantified between studies. When 
expressed as m-2 of algal-bearing rock surface, densities of nematodes associated 
with a belt of Cladophora - Pilayella macroalgae in Finland (Jensen 1984) were 
given as up to 5 x106 individuals m-2.  Values from papers listed in Hicks (1986) 
range from 1.0 x 104 to 3.1 x 106 individuals m-2 for algal-dwelling communities. 
The densities of meiofauna on pneumatophores in the present study fall within, but 
at the lower end of, this range.  
 
Rutledge and & Fleeger (1993) sampled meiofauna from the saltmarsh cordgrass 
Spartina alterniflora in the Northern Gulf of Mexico and found a mean density of 
approximately 1500 individuals 100 cm-2 of grass surface in monthly samples over 
one year. The average density of meiofauna on pneumatophores in the present 
study was 450 individuals 100 cm-2 of pneumatophore surface, only about one third 
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as dense as the meiofauna living within Spartina assemblages. By taking the size, 
density and percentage cover of pneumatophores into account, the average number 
of meiofauna in the pneumatophore habitat in the Barwon mangroves expressed on 
a per sediment-surface basis was only 13 individuals 10 cm-2 of sediment. Rutledge 
& Fleeger (1993) converted their values for the density of stem-dwelling meiofauna 
into the equivalent abundance expressed per unit area of sediment, giving 225 
individuals 10 cm-2. The relative availability of vertical Spartina habitat (a tall, 
dense grass) was clearly a factor in contributing to their higher estimate of 
meiofaunal density.  
 
3.5.3 Composition and diversity in epibiontic microhabitats.  
 
Fouling organisms increase the surface area, rugosity and complexity of the 
pneumatophore surface, and therefore may provide a relatively buffered 
microclimate particularly during emersion at low water. However, differences in 
the composition of the meiofauna between different epibionts point to finer 
resolution of the biotope than this. Copepods were significantly more likely to be 
found within algal habitats than among barnacles; conversely, halacarid mites were 
more prevalent on barnacles than on algae. The habitats offered by the dominant 
macro-epibionts of pneumatophores clearly support characteristic assemblages of 
meiofauna, and these in turn are quite distinct from the mud community.  No 
seasonal trend in abundance of the high level taxa was discernible within the 16 
month duration of this survey, although it is likely that the communities may have 
shown seasonal changes in feeding type composition. This possibility is presently 
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being investigated in a further study of the Barwon estuary. Temporal changes in 
nematode communities have been attributed by Rudnick et al. (1985) to seasonal 
changes in food supply, although Alongi (1990) reasoned that temperature was the 
most likely factor.  
 
Jensen (1981) suggested that temporal changes in diversity of phytal nematodes 
could be explained by seasonal movements of nematodes between sediments and 
phytal habitats.  However, Bell et al. (1984) pointed out that the composition of 
phytal and sedimentary assemblages of meiobenthos are quite distinct.  In a 
Malaysian mangrove system, Somerfield et al. (1998) demonstrated that the 
meiofaunal communities in leaf litter were distinctly different from those in the 
sediment under Rhizophora trees, although no species of nematode was found 
exclusively on mangrove litter. The distinctive assemblages of coarse taxonomic 
groupings from phytal and sedimentary habitats in the Barwon estuary support 
those findings.  
 
The meiofauna of barnacle-encrusted roots was dominated by halacarid mites (91% 
of the total number of meiofauna) and the mud by nematodes (87% of the total).  
These 2 taxa accounted for 49% of the relatively large dissimilarity between 
meiofauna from these 2 habitats. However, the coarse taxonomic composition of 
the meiofaunal assemblage on algae-bearing pneumatophores showed greater 
evenness than the assemblage from within either of the other 2 habitats, and the 
algal-dwelling assemblage was consequently more diverse (Table 3.4). Species 
richness of meiofauna from mud was significantly higher than from any of the 
phytal habitats (Figure 3.5b), but the diversity of the mud assemblage was 
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significantly lower than within algal habitat (Table 3.4b). Meiofauna from 
barnacles showed the lowest diversity of the epibiont assemblages.  
3.5.4 Characteristics of mangrove habitats. 
Although comparisons between the diversity of assemblages cannot be made with 
other studies that use a different taxonomic resolution, it is valid to make 
comparisons among certain characteristics of the habitats in the present study.  
 
Habitat complexity relates to small- scale attributes of habitat physiognomy (Hicks 
1986) and these are distinctive between the algal- and barnacle-covered substratum.  
Algal cover consisting of filaments, fronds and divided thalli are provided by 
Enteromorpha and Caloglossa,  respectively, and the greater diversity of algae-
associated meiofauna may be due to this topographic complexity of the surface for 
living on and sheltering within.  Algae may provide more refuge against 
desiccation at low tide than is available within the interstices of barnacles. Empty 
barnacle tests may provide some refugia, but dead barnacles were rarely found on 
the pneumatophores. Protection from sun, wind and rain would seem to be less 
effective on the barnacle surface than within an algal canopy.  
 
The fractal dimensions of the algal epiphytes on pneumatophores exceed those of 
the barnacle biotope (pers. obs.) for meiofauna, and this is reflected in the relative 
diversity (but not in the density) of assemblages. The use of fractals as an 
ecologically meaningful measure of habitat complexity was discussed and 
developed by Gee & Warwick (1994), who revealed the positive relationship 
between high fractal dimensions of macroalgae and diversity of an epifaunal 
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community. Further examples showing the link between the architecture (size and 
structural variety) of algal habitat and the diversity of meiofaunal communities 
have been provided by Jarvis & Seed (1996) for assemblages from Ascophyllum 
and Polysiphonia and  Hull (1997) who studied ostracods from intertidal algae.  
 
The nature of the surficial layer partly depends on the prevailing hydrodynamic 
regime. In sheltered environments the phytal surface may acquire a layer of 
sediment: Hicks (1986) points out that under reduced silt-clay or detrital loads, 
harpacticoids usually dominate algal meiofaunas, whereas silt-accumulating 
surfaces are dominated by nematodes. Nematodes were poorly represented on 
pneumatophores compared with the abundance of this ubiquitous group in the mud  
where they comprised 87% of the total sediment meiofauna (Figure 3.5). 
Nematodes represented 40% of the meiofauna from algal-covered pneumatophores 
and only 1% of the assemblage found on barnacle-fouled pneumatophores. 
Investigations into phytal meiofauna in the North Sea and Chile (Hicks 1985) 
showed certain groups of nematodes to be dominant in phytal habitats and 
Somerfield & Jeal (1996) included nematodes among a list of phytal meiofauna in 
descriptions of the micro-habitats offered within clumps of macroalgae in Ireland.  
 
The relationship between the architecture (size and structural variety) of algal 
habitat and the diversity of epifaunal communities has been demonstrated by Jarvis 
and Seed (1996) for meiofaunal assemblages from the algae Ascophyllum and 
Polysiphonia.  A study of ostracods from intertidal algae (Hull 1997) provided 
strong evidence that the degree of substrate complexity affected both the abundance 
and diversity of the assemblage in both space and time. 
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The presence of detritus on pneumatophores seemed to promote nematode 
abundance. This effect could reflect provision of extra food resources, or 
favourable mechanical properties of the medium for mobility of these animals. The 
locomotory mode of nematodes depends on close contact of sufficiently resistant 
surrounding particles with the body surface: this provides forces antagonistic to 
longitudinal muscle contractions (nematodes lack circular musculature) and results 
in forward propulsion. However, in a study of the meiofauna of Ascophyllum in 
North Wales, U.K. Jarvis & Seed (1996) found no significant correlations between 
sediment load and abundance of major taxa.  
 
Whereas copepods and nematodes occurred to some degree in all habitats, the 
halacarid mites were the dominant taxon of meiofauna on barnacle-covered 
pneumatophores but were rarely found in sediment. These animals were extremely 
tenacious and apparently tolerant of freshwater rinses, desiccation and even 
freezing for 2 days (pers. obs.) - suitable attributes for survival in an exposed 
habitat. Few other studies have sampled the meiofauna amongst barnacles, but a 
previously unrecognised species of halacarid mite was found to be widespread and 
common in the British Isles following the work of Bartsch (1975), (cited in 
Somerfield & Jeal 1996), whose samples included intertidal barnacles as habitat for 
the Acari.  
 
The composition of the meiofaunal assemblage on algae-bearing pneumatophores 
showed greater evenness and diversity than from within either of the other 2 
habitats. Studies in New Zealand by Hicks (1986) showed that species richness of 
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copepods on seagrass blades was nearly twice as high as on sedimentary substrata. 
Even relatively imperceptible and ephemeral structures such as mucous tubes have 
been shown by Peachey and Bell  (1997) to affect the density and behaviour of 
epiphytic meiofauna on seagrass blades; the presence of mucous tubes constructed 
by a harpacticoid copepod was shown to enhance immigration rates of meiofauna 
onto experimental glass substrata.  
 
The significance of surficial physical structure for small organisms is also 
appreciated by larval biologists, and the sensitivity of potential settlers to contours, 
textures and chemical signals has been investigated over many years  e.g.  Knight-
Jones (1953), Crisp (1974) and Keough and Raimondi (1995). It would not be 
surprising to find that mangrove-dwelling meiofauna are receptive to a similar 
range of stimuli from their habitat. Meiofauna have been observed to aggregate in 
areas where potential food (bacteria, diatoms) is concentrated (Gerlach 1977, 
Hogue & Miller 1981) and the differential attractiveness of certain sediments to 
colonising meiofauna was demonstrated in some of the earliest experimental 
studies on these small animals (e.g. Gray 1966). The nature of the biofilms upon the 
surfaces of algal fronds, filaments or barnacles may be as distinctive as the 
assemblages of meiofauna from these micro-habitats. The ‘signals’ from these 
biofilms could elicit behavioural responses which may at least partly explain the 
discrete assemblages of a predictable composition in a hydrodynamic environment. 
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Chapter 4 
NEMATODE ASSEMBLAGES FROM AVICENNIA MARINA 
LEAF LITTER IN A TEMPERATE MANGROVE FOREST IN 
SOUTH EASTERN AUSTRALIA 
 
4.1 Abstract 
Meiofauna from Avicennia marina leaf litter in a temperate mangrove forest was 
enumerated, and the nematode assemblages compared on the bases of leaf colour 
(used as a guide to leaf age) and shore horizon where samples were collected. 
Twenty-one putative nematode species were collected from 48 leaf litter samples. 
Univariate analyses indicated that neither the colour of the leaf nor the shore 
horizon significantly affected abundance of nematodes. However, of the four 
(2x2) treatment groups, rarefaction curves revealed highest diversity on brown 
leaves from under the shade of the tree canopy (H’ = 0.751 ± 0.126 SE, n = 17). 
Species diversity of leaf litter nematodes was lower in this temperate mangrove 
system than reported from tropical mangrove studies. ANOSIM tests confirmed a 
significant effect of shore horizon on nematode assemblages. The dominant 
feeding group among nematodes was non-selective deposit feeders (7/21 species 
but 77% of all nematodes). Epigrowth grazers were represented by 8/21 species of 
nematodes, but only 19% of the total number. Excised leaves became skeletonised 
by about 15 weeks. Shorter temporal scales of life cycles of nematodes compared 
with leaf degradation, and the dynamic nature of epibiontic assemblages, probably 
explain the similar assemblage structure on yellow and brown leaves.  
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4.2 Introduction 
Falling leaves in mangrove forests provide new patches of phytal habitat on the 
sediment surface, and present the opportunity to investigate successional, trophic 
and taxonomic aspects of litter assemblages as the fallen leaves decay. Particulate 
food resources for meiofauna on leaf litter comprise the surface biofilm, which 
includes bacteria, microalgae, protozoans and fungae. A field study of nematodes 
on the south-east coast of India (Krishnamurthy et al. 1984) found that all feeding 
groups (selective and non-selective deposit feeders, epigrowth grazers and 
omnivore/predators) of nematodes were present on decaying leaves. 
 
Ecological studies of the meiofauna of mangrove leaf litter in north-eastern 
Malaysia addressing community structure (Gee and Somerfield 1997, Somerfield 
et al. 1998) showed that the meiofaunal climax community was not influenced by 
the species of mangrove leaf, although this community changed during the 
process of litter decay. These authors suggested that shifts in species composition 
may have been successional changes associated with the ageing leaves. In contrast 
to mangroves from lower latitudes where multispecies forests occur, the cool 
temperate mangrove forest in which the present study was carried out consists of 
just one species of mangrove, Avicennia marina (Forskål) Vierhapper. Here there 
are discrete patches upon the sediment where shed leaves accumulate, trapped by 
networks of pneumatophores. The patches of leaves occur in the midst of 
pneumatophores under the tree canopy (‘canopy horizon’) and further seaward on 
the sunnier mudflat, in the ‘pneumatophore horizon’. Leaves at all stages of decay 
are present, and are either predominantly yellow or brown in colour.  
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The specific aims of this research are to compare:  
a) the nematode assemblages from leaves at two broadly different stages of decay, 
namely ‘yellow’ leaves and ‘brown’ leaves; 
b) the nematode assemblages from leaves trapped between pneumatophores on 
shaded areas of sediment under the canopy with those from similar patches on the 
sunny mudflat; and 
c) the diversity of leaf-litter meiofauna in a mono-specific Victorian mangrove 
ecosystem with data from multi-species mangrove studies in tropical localities.  
 
4.3 Materials and methods 
 
The study site consisted of an intertidal area measuring 60 m x 50 m, situated on 
the eastern bank of the Barwon River estuary on the Victorian coast of southern 
Australia (38 °17 ’S; 144 °30 ’E). The maximal tidal amplitude along this coast is 
1.8 metres, and the study site was immersed to a depth of approximately one 
metre at the seaward edge at mean high tide. Two parallel zones (hereafter 
referred to as ‘horizons’) along the shore were naturally defined by the seaward 
edge of the tree canopy (i.e. shaded), and the seaward extent of the 
pneumatophores (i.e. unshaded). Four transects were laid down the shoreline (see 
Fig. 1 in Gwyther 2000) defining 8 grid cells where these intersected with the 2 
horizons. All samples of leaves were collected in the austral spring, on 5/10/99.  
Three yellow and brown fallen leaves between 38 and 90 mm in length were 
chosen randomly and collected from the substratum in each of the two horizons 
within each of the 4 transects, giving 2 colours x 3 leaves x 2 horizons x 4 
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transects, i.e. 48 samples in total. Forceps were used to collect and transfer three 
yellow and three brown Avicennia leaves from the sediment within each of the 8 
grid cells into a series of 48 individual plastic bags. 
 
4.3.1  Leaf age estimation 
The relative ages of yellow and brown leaves were estimated by monitoring the 
change in leaf spectral absorbance with time. Sixty fresh leaves were picked from 
the seaward-facing edge of the tree canopy, and the spectral absorbance (at 
wavelengths of 650 and 940 nm, preset by the manufacturer) of each leaf was 
made using a SPAD-502 chlorophyll meter (Minolta Co. Ltd). This device 
provided a rapid and non-destructive field method of comparing leaves based on 
their colour, and has been used to provide a quantitative measure of leaf green 
colour that could substitute for visual ratings (Peryea & Kammereck, 1997). 
Twenty leaves were placed in each of 3 plastic-mesh litter bags fixed to 3 stakes 
on the mud surface amidst the pneumatophores in the exposed horizon. At 
approximately 2-weekly intervals the bags were reopened, the leaves rinsed to 
remove sediment and the spectral absorbance for each leaf was remeasured. These 
readings were taken in the field so that the bags could be retied and leaves 
immediately replaced in situ until the next reading. Leaf colour was visually 
assessed and photographed at each visit. By monitoring the colour change over 
time it was then possible to relate leaf colour to age.  
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4.3.2 Sample processing 
 
Each of the 48 sample leaves was fixed by addition of 10% formalin within one 
hour of collection. 
 
Leaves were processed by vigorous and repeated rinsing with fine-filtered fresh 
water, and the washings were sieved through a 53µm mesh stainless steel sieve. 
The sieve contents were transferred to a Bogorov tray and the meiofauna counted 
at x20 magnification. Nematodes were picked out using a finely-hooked needle, 
and placed into embryo dishes for evaporation to glycerol. Each sample was then 
mounted on a slide and ringed with Bioseal. All nematodes were re-counted and 
identified at least to the level of genus using reference keys (Platt & Warwick 
1983,1988; Warwick et al. 1998). Three sample leaves were unfortunately lost 
during processing, all from the same combination of treatments (i.e. 3 brown 
leaves from the pneumatophore horizon). 
 
4.3.3 Feeding groups  
Classification of nematodes into 4 feeding groups based on the buccal 
morphology was first described by Weiser (1953). Group 1 includes species with 
an unarmed buccal cavity, and Group 2 have mouths armed with one or more 
teeth and/or cuticular ridges, denticles or glands. Group 1A and 1B includes the 
selective (narrow mouth entrance) and non-selective (wider aperture mouth) 
deposit feeders that consume bacteria and detritus, respectively.  Group 2A has 
teeth and comprises epistrate feeders that scrape algae off the surface of sand 
grains or pierce single algal cells. Group 2B have wide buccal cavities and glands 
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opening on the teeth, and are omnivore/predators. Although Weiser (1953) 
warned of the over-simplification of this classification, it has been widely used in 
both its original and modified forms, e.g. Jensen (1987), Alongi (1990), Nicholas 
et al. (1991). Should the presence of one feeding group be non-randomly 
associated with the presence or absence of another group, or should the proportion 
of the 4 feeding groups change over time, then it may be that food resources on 
the leaves influence nematode composition. The relationship between feeding 
groups and leaf colour (and hence age) or position on the shore (horizon) was 
examined to test the importance of these 2 factors on the feeding group 
composition. 
 
4.3.4 Data analysis  
The abundance of each of the three numerically dominant nematode genera, the 
total numbers of nematodes and of copepods was tested by 2-way ANOVA for 
differences relating to the factors leaf colour and horizon. Unfortunately three lost 
samples were from a single cell in the design, so that the data set was unbalanced 
and sources of variance due to interactions could not be accurately calculated by a 
3-factor model (i.e. including transects as a third factor). Univariate comparisons 
of abundance were therefore made using 2-factor ANOVA (SPSS v. 10 software), 
where samples were pooled across transects. The factors were leaf colour (fixed 
with 2 levels, yellow and brown) and shore horizon (fixed with 2 levels, canopy 
and pneumatophore horizons). Abundances were log(x+1) transformed, and the 
results successfully improved the normality of the frequency distribution. The 
alpha confidence level used was 5%. 
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PRIMER v. 5 statistical software was used for multivariate tests. Multivariate 
procedures were carried out on both the untransformed and square root 
transformed data. Separation of species groups according to leaf colour and shore 
horizon was examined by MDS ordination plots based on Bray-Curtis similarities 
(10 restarts, 999 iterations each).  Two-way crossed ANOSIM tests using 999 
permutations were run to test for statistically significant differences in the 
nematode assemblages between yellow and brown leaves, canopy and 
pneumatophore horizons, and a one-way ANOSIM was used to test among the 4 
transects. The contribution of each species to the average Bray-Curtis 
dissimilarity between pairs of groups was computed using the similarity 
percentages procedure (SIMPER; Clarke 1993). 
 
The Shannon index of diversity and species accumulation curves were estimated 
for the nematode assemblages on treatment groups of leaves, also using PRIMER. 
Species diversity among assemblages was compared using rarefaction curves 
generated by the ECOSIM program (Gotelli and Entsminger 1997). These curves 
illustrate the expected number of taxa in a small sample of individuals from each 
combination of colour and shore horizon, allowing for a comparison of the 
number of species in samples that have been standardised for abundance (Gotelli 
and Graves 1996). The rarefaction procedure, unlike other diversity measures, is 
based on an appropriate statistical model, sensitive to rare taxa and unbiased by 
sample size (Smith and Grassle 1977). 
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4.4 Results  
4.4.1 Abundance and composition of meiofauna 
The meiofauna on 45 stranded leaves comprised 623 nematodes and 76 copepods, 
8 oligochaetes and 5 mites. Comparison of the initial counts before slide 
preparation with the totals from each taxon revealed a loss of 47 nematodes (7.5% 
of 623 nematodes) in the process of evaporation, transferral to slides and 
subsequent examination. The number of nematodes per leaf ranged from 0 to129, 
and six leaves had no meiofauna. There was no significant correlation between 
either leaf dry weight or leaf length and the total number of nematodes or 
copepods. The average number of nematodes per leaf was 14; relative abundances 
of nematode taxa are summarised in Table 4.1. Twenty-one genera of nematodes 
were identified; the most numerous was Tripyloides (65.9% of all identified 
nematodes). Metachromadora and Daptonema were ranked second and third with 
13.5% and 5.7% of the total abundance, respectively. All other genera represented 
less than 4% of the total each, and 7 genera from the total of 21 were represented 
by only a single individual (‘singleton’ genera). Copepods were absent from 22 of 
the 45 leaves, with a mean density of 1.7 individuals per leaf and the maximum 
number on any single leaf was 12 individuals. 
 
Abundance of the three dominant nematode species did not differ significantly 
between any of the treatments or their interactions (2-way ANOVA of log(x+1) 
transformed data, n = 45, all probability values >0.05). The total numbers of 
nematodes and copepods per leaf also showed no significant main or interactive 
effects of the 2 factors (leaf colour, shore horizon) when tested by ANOVA.  
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Table 4.1. Nematodes: Rank abundances of genera based on abundance in 45 leaf 
samples (percent of total in parentheses). See ‘Materials and methods’ for 
classification of feeding groups. 
Genus 
Feeding 
group 
Number 
(%) of 
leaves 
Number 
(%) of 
individual
s 
Present/Absen
t in 
Yellow    
Brown 
Tripyloides 1B 26 (57.8) 380 (66) P P 
Metachromadora 2A 12 (26.7) 78 (13.5) P P 
Daptonema 1B 14 (31.1) 33 (5.7) P P 
Diplolaimella 1B 4 (8.9) 20 (3.5) A P 
Chromadora 2A 8 (17.8) 18 (3.1) P P 
Viscosia 2B 6 (13.3) 10 (1.7) P P 
Dichromadora 2A 5 (11.1) 6 (1.0) P P 
Eurystomina 2B 2 (4.4) 4 (0.7) A P 
Diplolaimelloides 1B 2 (4.4) 4 (0.7) A P 
Chromadorina 2A 2 (4.4) 4 (0.7) P P 
Trefusia 1B 2 (4.4) 3 (0.5) P P 
Thalassomonhyster
a 1A 3 (6.7) 3 (0.5) P A 
Adoncholaimus 2B 2 (4.4) 3 (0.5) P P 
Theristus 1B 1 (2.2) 3 (0.5) A P 
Anoplostoma 1B 1 (2.2) 1 (0.2) A P 
Spilophorella 2A 1 (2.2) 1 (0.2) P A 
Paracyatholaimus 2A 1 (2.2) 1 (0.2) P A 
Hypodontolaimus 2A 1 (2.2) 1 (0.2) A P 
Doliolaimus 2B 1 (2.2) 1 (0.2) P A 
Chromadorita 2A 1 (2.2) 1 (0.2) P A 
Calyptronema 1A 1 (2.2) 1 (0.2) P A 
Total  45 (100) 576 (100) 15/21 15/21 
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Figure 4.1a, b. Nematodes. a) Species accumulation curves and b) rarefaction 
curves of the expected number of species in samples, from combinations of 
treatments: canopy/brown (n = 12), canopy/yellow (n = 12), 
pneumatophore/brown (n = 9) and pneumatophore/yellow (n = 12). 
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Species accumulation curves plotted for the 2x2 treatment groups (Fig. 4.1a) 
showed the  highest number of species occurred on brown leaves from the canopy 
horizon.  With the exception of yellow leaves from the pneumatophore horizon, 
the trend lines were still some way from reaching an asymptote. No new species 
were added after only 9 yellow leaves from the pneumatophore zone had been 
examined, when the cumulative total was 11 species. Rarefaction curves (Fig. 
4.1b) revealed consistently higher diversity of brown leaves from the canopy 
horizon when the number of meiofaunal individuals was standardised between 
comparisons. 
 
 
 
 
 
 
 
 
Figure 4.2 Nematodes. Ordination plot of species from the canopy (c) and 
pneumatophore (p) horizons. n = 37 [six samples with no nematodes and 2 
outliers (see ‘Results’) were excluded from the plot. Four points obscured by 
overlapping]. (ANOSIM test: global R = 0.130, significance level 3.5% averaged 
across both leaf colours n = 45). 
 
 
 
c 
p 
Stress: 0.1
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The Shannon diversity index of assemblages was compared by ANOVA and no 
significant  effects of shore horizon, leaf colour or their interaction was found. 
Although brown leaves supported higher diversity than yellow leaves (H’ = 0.751 
± 0.126 (SE),    n = 17 and 0.394 ± 0.103 (SE), n = 20, respectively), this 
difference was not quite significant (F(1,33) = 3.838, p = 0.059).  
 
Community structure of nematodes from A. marina leaves was examined by a 
multi-dimensional scaling ordination (Fig. 4.2). Two samples were removed from 
the Bray-Curtis similarity matrix because they caused collapse of the remaining 
37 points. These 2 samples comprised one yellow and one brown leaf, both from 
the pneumatophore horizon. Both samples yielded a single nematode of the genera 
Hypodontolaimus and Paracyatholaimus repectively, which were not recorded 
from any other sample.  
 
Comparison of leaf nematodes between the canopy and pneumatophore horizons 
using a 2-way crossed ANOSIM test revealed a significant difference between 
these two horizons on the shore (Global R = 0.13, significance level 3.5%) but not 
between assemblages from yellow and brown leaves (Global R = -0.012, 
significance level 56.1%). A one-way ANOSIM revealed no significant 
differences between transects (Global R = 0.037, significance level 16.5%). The 
outcomes of the multivariate analyses were unchanged when the raw data were 
square-root transformed, although the significance level of ‘horizon’ was slightly 
altered for the transformed data (Global R = 0.116, significance 4.5%). 
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The most numerous single species collected from leaves, Tripyloides sp., was only 
slightly more common in the pneumatophore horizon (mean abundance 10 ± 5 
indivs/leaf, n = 21 compared with a mean of 7 ± 3 indivs/leaf, n = 24 in the 
canopy horizon) but caused 49% of the 86% average dissimililarity between 
leaves from the two horizons, with Daptonema, Metachromadora and 
Diplolaimella making smaller contributions (SIMPER analysis, Table 4.2). 
Metachromodora was more common in the pneumatophore horizon, whereas 
Daptonema and Diplolaimella were more abundant under the canopy. The mean 
abundances and variability of these four main taxa in each of the 2x2 treatment 
groups is shown in Table 4.3. 
 
Table 4.2. Nematodes. SIMPER analysis of the dissimilarity of assemblages 
between leaves from canopy and pneumatophore horizons. Genera listed are those 
contributing at least 5% to the dissimilarity. Overall dissimilarity was 85.7% 
 
 
 
Percent abundance by 
horizon 
Genus Contributio
n (%) 
Cumulative 
% 
Feeding 
group 
Canopy Pneumatophore 
Tripyloides 49.00 49 1B 48 52 
Daptonema 12.20 61 1B 75 25 
Metachromador
a 
9.70 71 2A 
24 76 
Diplolaimella 6.04 77 1B 100 0 
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Table 4.3. Nematodes. Mean nematode abundance (±SE) per leaf, and 
variability of the four main nematode taxa between the horizons and leaf colours 
examined. 
 
 
Table 4.4 shows the frequencies of the 4 feeding groups on leaves from canopy 
and pneumatophore horizons. There is a clear difference between the 2 horizons 
in the relative abundance of 2 feeding groups. Non-selective deposit feeders 
(Group1B) comprised 80% and 48% of nematodes from the canopy and 
pneumatophores horizons, respectively. Only 13% of nematodes in the canopy 
were epigrowth feeders (Group 2A) compared with 38% in the pneumatophore 
 Yellow leaves Mean (± SE)  
 
Sum 
Brown leaves  
Mean (± SE)  
 
Sum 
Canopy Horizon (n = 12) leaves  (n = 12) 
Tripyloides 4.58 ± 1.32 55 10.5 ± 6.16 126 
Metachromadora 0.33 ± 0.26 4 1.25 ± 0.48 15 
Daptonema 0.83 ± 0.75 10 1.25 ± 0.60 15 
Diplolaimella 0 0 1.267 ± 0.87 20 
Pneumatophore 
horizon (n = 12) (n = 9) 
Tripyloides 12.42 ± 9.73 149 5.56 ± 3.99 50 
Metachromadora 1.25 ± 1.08 15 4.89 ± 4.53 44 
Daptonema 0.42 ± 0.19 5 0.33 ± 0.17 3 
Diplolaimella 0 0 0 0 
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horizon. There were no significant effects of leaf colour on feeding group 
composition. 
Table 4.4. Nematodes. Distribution of nematodes among feeding groups. 
Twenty-one genera were represented in leaf samples, n = 45 
Percent total no. of 
nematodes by horizon 
Feeding group 
No. of 
genera  
Percent total 
no. of 
nematodes 
 
 
Canopy 
 
Pneumatophore 
 
Bacteriovores (1A) 
 
2 
 
0.7 
 
2 
 
4 
 
Non-selective deposit 
feeders(1B) 
 
7 
 
77.1 
 
80 
 
48 
 
Epigrowth feeders 
(2A) 
 
8 
 
19.1 
 
13 
 
38 
 
Omnivores/predators 
(2B) 
 
4 
 
3.1 
 
5 
 
10 
 
The co-occurrence of feeding groups on leaves from the two horizons is 
summarised in Table 4.5. Thus, in 13.3% of all leaves sampled there were zero 
feeding groups (i.e. no nematodes) per leaf and 1, 2, and 3 feeding groups were 
represented on 44.4%, 26.7% and 15.6% of leaves, respectively. No leaf was 
found to have all four groups. Fig. 4.3 shows the percentage contribution of the 4 
groups among leaf samples that yielded 1, 2, or 3 feeding groups of nematodes. 
The non-selective deposit feeders, Group 1B, were numerically dominant in all 
samples except for those leaves from the canopy that supported 3 nematode 
feeding groups (Fig. 4.3c). Here they were just outnumbered by the epigrowth 
grazers (2A); otherwise the latter was the second dominant group on all leaves. 
The third most numerous feeding type on leaves with two or three groups was 
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different in the 2 horizons, represented by selective deposit feeders (1A) and 
omnivore/predators (2B) in the canopy and pneumatophore horizons, respectively.  
 
Table 4.5. Nematodes. Total number of leaves (percent of total in 
parentheses), and number of leaves from canopy and pneumatophore horizons 
supporting one, two and three trophic groups.  
       
Feeding groups per 
leaf 
Number (%) of total 
leaves 
No. of leaves by horizon 
  Canopy Pneumatophore
0 6 (13.3) 3 3 
1 20 (44.4) 8 12 
2 12 (26.7) 9 3 
3 7 (15.6) 4 3 
 
4.4.2 Changes in leaves  
Green leaves plucked from trees and retained in litter bags on the mudflat 
remained green for approximately 60 days (Fig. 4.4); spectral absorbance 
decreased from 53% to 13% during the next 40 days. By 105 days post-harvest 
many of the leaves were reduced to skeletons of the vascular system. During 
natural leaf senescence, the yellow colouration developed prior to dehiscence. 
Leaves which were green when picked eventually developed brown patches and 
then became further blackened with age. However, harvested leaves in litter bags 
did not develop yellow colouration over time, but their spectral absorbance was 
equivalent to that of yellow leaves at about 100 days post-harvest (Fig. 4.4). Litter 
bags of green leaves picked from Avicennia marina, saltmarsh plants (Suaedea 
australis, Atriplex paludosa), and terrestrial plants (including Quercus, 
Eucalyptus) also failed to yellow with time irrespective of whether they were 
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tethered in the intertidal zone or simply retained on the laboratory shelf for 
several weeks (Gwyther, unpublished). 
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Figure 4.3 Nematode feeding groups. Relative proportions of each group 
found on leaves supporting 1 (a), 2 (b)and 3 (c) feeding groups per leaf. 
Assemblages from beneath the canopy and in the pneumatophore are shown 
separately on each figure.  Bars represent proportion of each group for all 
samples, but only 1, 2 or 3 groups were present on single leaves. 
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Figure 4.4 Mangrove leaves. The spectral absorbance of leaves from litter 
bags during 105 days tethered to the mudflat. Mean ± SE, the number of leaves in 
the sample is shown next to each data point. GLC and YLC = green and yellow 
leaf ‘control’ values, respectively, measured from living leaves. 
 
4.5 Discussion and conclusions 
 
In the Barwon estuary mangroves, in common with sediments in mangrove and 
non-mangrove ecosystems around the world, nematodes are the most numerous 
intertidal metazoans (Gwyther 2000), and their dispersal onto fallen leaf material 
would be expected. Within published studies from different regions (Table 4.6) 
their abundance on leaf litter (where given) varies across two orders of magnitude. 
For example, the average density of 14 nematodes per leaf in the present study 
much more closely resembles Alongi’s (1987) results in northern Australia (<5 
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per leaf) than values for the Malaysian mangrove of 600 per leaf reported by 
Somerfield et al. (1998).   
 
Species richness (21 genera) and diversity (mean H’ = 0.558 ± 0.084 SE) of 
nematodes recorded so far in the temperate mangroves were much less than 
recorded from studies at lower latitude. In the Merbok mangroves Somerfield et 
al. (1998) listed 77 nematode genera sampled from 48 Rhizophora leaves, with 8 
genera abundant and 40 rare. Diversity (H’) of leaf litter nematodes from the site 
ranged from 2.0 to 3.2 (Gee et al. 1997). In a site in the Bay of Bengal, 
Krishnamurthy et al. (1984) found about 18 species of nematodes (diversity 
values, number of leaves not given) with close affinity to decaying leaves; eight 
genera were described as common, and the desmodorids were dominant. In the 
Barwon mangroves Tripyloides represented 66% of all individuals; the low 
Shannon diversity index for the Barwon mangroves reflects this dominance of 
Tripyloides. It is notable that, although many genera were found in common with 
published studies, Tripyloides was only occasional or rare at the sites in the 
Merbok (Gee and Somerfield 1997), and absent from the records from the Bay of 
Bengal (Krishnamurthy et al. 1984).  
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Table 4.6. Published data of nematodes associated with mangrove leaf litter 
Locality Latitude 
Common nematode 
genera/species 
Mangrove genera 
Source of 
meiofaunal 
samples 
Author 
Victoria, SE 
Australia 
38°S 
Tripyloides, 
Metachromadora, 
Daptonema 
Avicennia 
(only) 
Fallen leaves 
Gwyther (present 
study) 
NE Queensland, 
Australia 
19°S Monohystera, 
Chromadorina 
Rhizophora, 
Avicennia, Brugiera, 
Lumnitzera 
Sediment 
Tietjen and Alongi 
(1990) 
Queensland, NE 
Australia 
19°S 
Chromadora, 
Neochromadora, Cobbia, 
Oncholaimus, Daptonema 
Avicennia,Ceriops, 
Rhizophora 
Beach wrack Alongi (1990) 
Merbok, 
Malaysia 
6° N 
Diplolaimella, 
Diplolaimelloides, 
Atrochromadora, Theristus 
Rhizophora, Brugiera 
Leaf litter in 3 
stages of decay 
Somerfield et al. 
(1998) 
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Merbok, 
Malaysia 
 
6° N 
 
Atrochromadora, 
Daptonema, Dichromadora, 
Diplolaimelloides, 
Haliplectus, Halalaimus, 
Perspiria, Terschellingia, 
Theristus  
 
Rhizophora, Brugiera 
 
Freshly fallen 
leaves sampled 
over ensuing 5 
weeks 
 
Gee and 
Somerfield (1997) 
Bay of Bengal, 
S.E. India 
11° N 
Viscosia, Adoncolaimus, 
Oncholaimus 
Anaplostoma, Desmodora, 
Halichoanolaimus 
Rhizophora, others not 
specified 
Fallen leaves 
Krishnamurthy et 
al. (1984) 
Hong Kong 22°N 
Diplolaimella, 
Diplolaimelloides, 
Theristus, Haliplectus, 
Megasdesmolaimus, 
Anoplostoma, Desmodora, 
Dichromadora, 
Chromaspirina, 
Paracanthonchus 
Kandelia 
Sediment 
enriched with 
leaf detritus 
Zhou (2001) 
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Florida, USA 25°N 
Rhabditis marina, 
Diplolaimelloides, 
Diplolaimella ocellata, 
Oncholaimus sp. 
Haliplectus dorsalis 
Rhizophora 
Others not specified 
Leaves in 
advanced stages 
of decay 
Hopper et al. 
(1973) 
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The nematode assemblage on leaves from beneath the canopy was distinct from 
that on leaves collected in the pneumatophore horizon, and the difference was 
apparent for both taxonomic and feeding-type classifications of nematodes. The 
canopy has a role in ameliorating the desiccating effects of direct sunlight and 
wind, and pneumatophores beneath its shade support a correspondingly higher 
cover of epiphytic algae (especially during the summer) than can survive on 
pneumatophores of the exposed shore (Gwyther and Fairweather 2002). The 
upper surface of a leaf stranded in the open may offer little refuge for epiphytes or 
epizoites, whereas the underside might be more habitable. Further study might 
resolve even single leaves into providing distinctive phytal microhabitats for 
meiofauna. 
 
Failure to detect any significant effect of leaf colour, and thus age on the 
nematode community is most likely explained by the slow decay rate of leaves, 
apparent from the spectral absorbance values up to 10 weeks after excision. 
Meiofauna utilise the biofilm upon the leaf as their source of nutrition, and the 
similarity of meiofauna on yellow and brown leaves clearly supports the 
suggestion of Gee and Somerfield (1997) that leaf microflora may influence the 
meiofaunal assemblage more than physical breakdown of the leaf substratum. 
Those authors found that a climax community of nematodes developed on excised 
Rhizophora leaves by week 3, but the community then degenerated to resemble 
the original invasive community by week 5.  Somerfield et al. (1998) detected no 
significant changes in nematodes between recently excised leaves and those in 
intermediate or advanced stages of decomposition; they suggested that the 
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community may have undergone major changes within the first stage of decay 
they identified, rather than between subsequent stages. Both studies were made in 
a tropical mangrove ecosystem, and the insignificant change in meiofaunal 
diversity on Avicennia leaves in Victoria could be explained by temperature-
related differences between geographic zones. It is also possible that the relatively 
coarse classification of leaf age categories in the present study missed changes 
that occurred over a shorter temporal scale.  
 
Although the total abundance of nematodes on leaves varies among published 
studies (see above) the feeding structure of the litter assemblage shows similarity 
across geographical areas. Bactivorous and deposit feeders were the dominant 
feeding groups in mangrove litter from Malaysia (Gee and Somerfield 1997) and 
north-eastern Australia (Tietjen and Alongi 1990). Similarly, in the temperate 
Barwon River mangroves, 77% of the nematodes (comprising 7 of 21 genera) on 
leaves were deposit feeders. Although 8 out of 21 nematode genera recorded were 
epigrowth grazers, these amounted to only 19% of the total number of individuals, 
probably reflecting food availability. Diplolaimella is a non-selective deposit 
feeder (Group1B) reported as abundant in saltmarsh and rotting detritus (e.g. 
Somerfield et al. 1998) and associated with mangrove leaves in Florida (Hopper et 
al. 1973), Africa (Olafsson 1995) and Hong Kong (Zhou 2001), although the 
genus was not reported at all in Bay of Bengal mangroves (Krishnamurthy et al. 
1984). Diplolaimella ranked fourth in abundance in the Barwon mangroves, but 
represented only 3.5% of nematodes in leaf samples, and occurred only on brown 
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leaves. Of the 6 genera restricted to brown leaves, four (including Diplolaimella) 
were non-selective deposit feeders (Group1B).  
 
The feeding group composition of nematodes probably reflects the food resources 
on leaves. There was a small proportion of epigrowth grazers on leaves in contrast 
to the dominance of this group on pneumatophores (Gwyther and Fairweather 
2002). Many species of microalgae are known to be an excellent source of 
nutrition for nematodes, but diatoms may represent only a relatively small 
proportion of the microbial consortium on mangrove leaf detritus. Alongi (1988) 
proposed that reduced production of microalgae on leaf detritus in Queensland, 
Australia was due to light limitation of diatoms under the dense mangrove 
canopy. In this temperate mangrove system in south-eastern Australia (see Table 
4.5) the relative proportions of nematode feeding groups in canopy compared with 
pneumatophore horizons reveal that there were almost 3 times as many epigrowth 
feeders from leaves in the exposed pneumatophore horizon compared with on 
leaves shaded under the canopy.  
 
The nematode assemblages on yellow and brown Avicennia marina leaves were 
shown to be similar in this study. This might be explained by the different 
temporal scales of nematode life-cycles and litter senescence.  For example, at 24 
°C Hopper et al. (1973) found life cycles of 7 days (Diplolaimelloides), 11½ days 
(Diplolaimella ocellata) and 29 days (Oncholaimus). Tietjen and Lee (1977) 
reported a life cycle the order of 14-15 days for Chromadora germanica.  
Mangrove leaf litter persists for much longer: even after 60 days the leaves in 
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litter bags secured on the mudflat were as green as those on the trees. In 
Westernport Bay, Victoria (latitude 38 °S) Attiwill and Clough (1974) found that 
Avicennia leaves lost about one third of the nitrogen and phosphorus from the 
leaves before death; this may be co-incident with yellowing. An estimate of the 
rate of breakdown of leaves of Avicennia marina in Sydney (latitude 34 °S) 
indicated a half-life of about 8 weeks for leaf dry-matter (Goulter and Allaway 
1979). At the present study site leaf spectral absorbance was reduced by 50 % of 
the initial level after approximately 13 weeks (from Fig. 4.1). Lower average 
temperatures than those in Sydney are likely to contribute to the longer half-life of 
litter in Victoria. Even in Florida, latitude 25 °N, brown to black Rhizophora 
leaves collected by Hopper et al. (1973) were estimated to have been submerged 
for at least 6 weeks.  Although decomposer communities in the present study 
would have been temporarily disturbed by rinsing prior to measurement of the leaf 
spectral absorbance, it seems unlikely that any such effect would be a significant 
factor in prolonging decay during the length of the experiment. 
 
In a field experiment in the same locality as the present study Gwyther and 
Fairweather (2002) reported successional changes in the nematode assemblage on 
natural and mimic pneumatophores on the exposed mudflat. Epigrowth grazers 
were the pioneer feeding group, which was subsequently added to, rather than 
replaced, by bacteriovores, deposit feeders and finally omnivore/predators. 
Highest species richness on mimic pneumatophores occurred after 8 weeks, 
although species turnover rates showed no reduction even after 47 weeks of 
monitoring. The similarity of assemblages on yellow and brown leaves could 
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therefore be explained by a dynamic rather than stable assemblage structure, in 
which the early change from a single feeding habit of colonising nematodes on 
fresh leaves to a more complex assemblage had occurred long before the naturally 
excised leaf samples were collected. In contrast to the present findings a 
successional change in the nematode assemblage during decay of mangrove litter 
was demonstrated by Gee & Somerfield 1997, Zhou 2001. The slow decay rate of 
mangrove litter in Victoria compared with the rate in tropical mangroves may 
have contributed toward changes being undetected in this temperate system. The 
results here support the suggestion of Gee and Somerfield (1997) that changes in 
the meiofaunal community are not linked to the physical breakdown of the leaf 
substratum, but rather to “successional changes in the chemistry and/or microflora 
of the leaf litter”. The role of nematodes in consuming fungal decomposers needs 
to be investigated to further understand the utilisation of mangrove detritus. It is 
likely that the sequence of parasitic and saprophytic fungi traced, for example in a 
Florida mangrove (Fell et al. 1975), provides a considerable resource for 
nematodes and probably other meiofauna in mangroves worldwide. Prevalence of 
desmodorid nematodes was noted on leaves in the Bay of Bengal, and this group 
may have propensity for feeding on fungi (Krishnamurthy et al. 1984). 
 
In conclusion, the results of this study suggest that the effect of shading had some 
influence on litter nematodes, whereas leaf colour did not (because assemblages 
found on yellow and brown leaves were indistinguishable). Fallen leaves at all 
stages of decay become stranded within patches of pneumatophores, and it seems 
likely that two processes may then contribute to the homogeneity of nematode 
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assemblages. Firstly, fully developed, stable assemblages establish over a 
temporal scale much less than that of mangrove leaf decay in this temperate 
locality, and secondly, nematodes disperse dynamically within a patch, perhaps 
augmented by rafting on orts (small fragments of undigested leaves). Field 
experiments to monitor nematodes upon a) common-age groups of leaves over 
shorter periods of time and b) leaves in isolation from rafting detritus are needed 
to test these hypotheses.  
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Chapter 5  
PATTERNS OF VERTICAL DISTRIBUTION OF MEIOFAUNA 
IN THE SEDIMENT OF A COOL TEMPERATE ESTUARINE 
MANGROVE FOREST 
 
5.1 Abstract 
The vertical profile of meiofaunal abundance in sediment of a temperate mangrove 
mudflat  was examined in samples collected from 3 sites at 3 depths, in February 
and March 1999. Highest total abundance of animals was recorded in the upper 
centimetres from all samples. The 2-3 cm layer was always beneath the redox 
discontinuity layer and comprised between 4-17% of the total meiofauna.  
Nematodes and polychaetes were significantly affected by depth, but copepods 
showed a significant effect of depth only at low tide. Oligochaetes showed a 
significant effect of depth only at one site and their distribution was not affected by 
the tidal state. During high tide, there was a loss of between 25-89% of total 
meiofaunal abundance from the upper centimetre but no evidence of downwards 
migration in any sample from 2 sites 30 m apart. It is suggested that erosion and 
active swimming during submersion account for the reduction of sedimentary 
meiofauna in the uppermost cm at high tide.  
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5.2 Introduction 
Vertical distribution patterns of intertidal meiofauna are patchy due to several 
abiotic factors including tides, and the effect of the tidal cycle on temperature, 
wave action, currents, organic input, percolation of interstitial water, light intensity 
and sediment compaction (Steyaert et al. 2001). In finer sediments the 
physiographic characteristics are steeper, and the decreasing abundance of 
meiofauna from the surface layers downwards is clearly revealed: for example, 
Yingst (1978) found that 71% of all meiofauna present were in the top 2 cm of a 
silty core. Sandy sediments are inhabited by meiofauna to a greater depth than 
occurs in mud but the uppermost centimetre of a mudflat contained twice as many 
meiofauna as were recorded in a 10 cm column of sandy sediment of the same 
diameter (Smith and Coull 1987). Biological factors also influence vertical 
heterogeneity of assemblages, and the upper few centimetres of a vertical sediment 
profile usually harbour more meiofauna  than lower horizons because of the richer 
supply of food and oxygen (Giere 1993). 
 
The distribution of meiofaunal assemblages in mangrove ecosystems has been 
examined with respect to sediment depth in several studies. Schrivers et al. (1995) 
showed a correlation of meiobenthic community structure with physical gradients 
in the sediment of a Kenyan mangrove, in which most taxa preferred oxygen-rich 
subsurface layers. A pattern of decreasing density of most taxa with depth was 
reported in the warm temperate Australian mangrove studied by Nicholas et al. 
(1991) where nematodes were concentrated in the oxic top centimetre. The state of 
the tide seemingly did not affect the pattern of distribution although cores at high 
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tide were collected in January (austral summer), and those at low tide in June 
(austral winter).  
 
Displacement of meiobenthos from the sediment surface during high tide has been 
well documented (e.g. Palmer 1988; Armonies 1994; Palmer et al. 1996 and 
references therein) and is known to include both active swimming and passive 
suspension of particular components of the meiofauna. Loss by erosion in currents 
implies that during high tide there would be a net reduction of animals from the 
superficial sediment layer, and that these could be replenished by settlement of 
water-borne animals as the water level recedes with the low tide. Alternatively, this 
dynamic profile could result from deeper migration of surface dwellers as the 
flooding tide rises above the sediment, and upward migration towards shallower 
layers as the tide recedes (e.g. Boaden and Platt 1971). The depth of the redox-
discontinuity layer would be expected to represent a lower limit of migration for 
metazoans (except for the thiobios, facultative anaerobes of the reduction layer). 
 
No data are presently available concerning either vertical distribution or tidal 
migrations of the sedimentary meiofauna in the Barwon River estuary, Victoria, 
Australia, despite meiofaunal studies there (Gwyther 2000, 2002 in press; Gwyther 
and Fairweather 2002) and the aims of this investigation were: 1) to compare 
stratification of meiofauna within the sediment at successive low and high diurnal 
tides over 4 days; and 2) to investigate the vertical distribution of the meiofauna 
within the uppermost 3 cm of sediment in the Barwon estuary on one sampling 
date at low tide. The hypothesis to be tested was that the vertical profile of 
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meiofauna was caused by erosion of surface dwellers during high tide and not by 
cyclical migration to deeper layers.  
 
5.3 Methods 
5.3.1 Study site 
Mangroves in the cool-temperate Barwon River estuary comprise a single species, 
Avicennia marina that spans a width on the shore of approximately 20 m between 
the mean neap high water mark and the saltmarsh behind, in disjunct pockets along 
the banks of the Lower Barwon (the seaward 10 km section of the river, as defined 
by Sherwood et al. 1988). These trees reach no more than 4m in height and are at 
the south-westerly limit of their Victorian distribution. For a map of the study site 
see Gwyther (2000). The tides in the area are mixed, semi-diurnal with a mean 
spring range of tidal amplitude at the mouth of the estuary of 1.6 metres. The 
estuary is fully saline, and the residence time of waters of the Lower Barwon is 
only a few tidal cycles (Sherwood et al. 1988). The Md50 of sediment at the study 
site was 150 µm. 
 
5.3.2 Sample collection 
Two collections of sediment meiofauna were made within the pneumatophore zone 
of the mangroves, between February 3-6 and on March 10, 1999. In both 
collections a plastic syringe with the lower part of the barrel cut off was used to 
collect cores. The internal diameter of the syringe measured 20 mm and the 50 
mm-long barrel was marked by 2 mm graduations. Samples of the required depth 
strata were taken by inserting the syringe to about 5 cm into undisturbed sediment 
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and sliding it down the plunger, which was kept at the mud surface to avoid any 
disturbance of the surface flocculent layer. The lower part of the core was 
discarded and a wiped blade used to section the core into three layers as it was 
extruded from the syringe: 0-1 cm, 1-2 cm, and 2-3 cm (the deepest stratum was 
retained in the second collection only). The layers were placed into separate 
labelled containers. The position of the black reducing layer in each core was 
denoted visually, and its depth in the profile was measured. Samples were fixed 
with 10% formalin within 1 hour of collection. The air temperature, mud 
temperature and the time and height of the tide were also recorded. 
 
Collection 1, February 1999 
Samples were collected in the pneumatophore  region of the intertidal zone on four 
occasions at successive low and high diurnal tides from Feb 3– Feb 6 inclusive. On 
each day, 3 replicate cores (separated by 40-50 cm between each core) were 
collected from two sites (Jetty and Creek), approximately 30 m apart.  The upper 
two one-centimetre layers of the 6 cores were retained for analysis, giving 12 
stratum samples per day, i.e. 48 samples in total. Times, tides and temperature 
details during sample collection are shown in Table 5.1. The depth of water over 
the collection areas was 20 cm on both high tide sampling occasions at both sites, 
indicating that cores were positioned at similar shore levels with respect to the tide. 
Creek site is located at the confluence of a drainage creek with the main river, and 
the water flow is usually slightly more turbulent than at Jetty site (30 m 
downstream of Creek). 
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Table 5.1. Details of collection 1, in which 3 replicate cores were collected from 2 
sites (Jetty and Creek) 30 m apart on each day. No rain was recorded throughout 
the period. HT = high tide, LT = low tide. All dates in 1999. 
 
 February 3  February 4  February 5  February 6  
Time and tide at 
collection 
1530 
HT + 44 
mins 
0920 
LT  
1600 
HT - 22 
mins 
1100 h 
LT 
Predicted Tide 
(height at Port 
Phillip Heads) 
1.32 m at 
1446 h 
0.37 m at 
0920h 
1.34 m at 
1622 h 
0.27 m at 
1100 h 
Weather conditions 34°C 
Sunny, 
some cloud 
35°C 
Sunny, 
increasing 
cloud 
25°C 
Pressure 
dropping 
23°C 
Change in 
weather; 
overcast, windy 
 
Collection 2, March 1999  
A total of six cores was collected from the mudflat beneath the seaward fringe of 
the tree canopy at 3 sites (Jetty, Middle and Creek) on March 10, 1999. A drainage 
channel discharges run-off water onto the mudflat in the Middle site, and this area 
remains submerged for slightly longer than adjacent parts of the mudflat on the 
ebbing tide. During the time of collection the Middle site was under approximately 
5 mm of seawater, whereas Jetty and Creek sites were emersed. The air 
temperature was 21°C, weather was overcast and no rain had fallen for 24 hours. 
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Low tide was at 1138 and the collection made one hour earlier. The 3 sites were 
separated by 10-12 metres alongshore distance. The distance between the cores at 
each site was approximately 50 cm. Each core was sliced into three 1 cm sections 
for separate extraction and analyses of the meiofauna from 0-1, 1-2 and 2-3 cm 
layers (n=18 samples). 
 
5.3.3 Extraction of Meiofauna 
Sediment cores were transferred to 100 mL measuring cylinders for shaking and 
decanting. This was performed by filling the cylinder with filtered tap-water and 
inverting it 10 times, allowing heavy particles to settle by pausing for about 20 
seconds before pouring the supernatant liquid through nested 500µm and 53µm 
mesh sieves. The process was repeated 5 times for each sample, and the meiofauna 
was then separated from the retained material on the sieve using Ludox flotation. 
This method depends on the specific gravity of the liquid medium matching that of 
the meiofauna (specific gravity 1.14), so that the organisms are held in suspension. 
Three 45-minute extractions were made for each sample, and the residue of settled 
material was checked to ensure no meiofauna were discarded. Following each 
extraction the Ludox overlying the settled material was then poured through a 
53µm mesh and the retained animals washed and transferred to a Bogorov tray for 
counting.  
 
5.3.4.Statistical analyses 
Collection 1 
The statistical model employed in this experiment was a 3-way mixed-model 
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ANOVA, with the factors Tide (2 levels, considered  fixed), Site (2 levels, random) 
and Depth (2 levels, fixed). Counts of animals were (log+1) transformed to meet 
the ANOVA assumptions (normality, and non-correlation between means and 
variances). The F-ratios generated by the default ANOVA output from the 
software SYSTAT (i.e. assuming all factors are fixed) were re-calculated using the 
Estimate Mean Square routine of the add-in module DESIGN (SYSTAT Inc.) to 
compute the appropriate error term in the F-ratio denominator for each source of 
variance.  
 
Collection 2 
The composition of meiofauna at coarse taxon level was examined by separate 
ANOVAs for the effects of Site (random factor with 3 levels) and Depth (fixed 
factor, 3 levels). The default ANOVA (Table 5.2) was modified to represent the 
mixed model analysis as described for Collection 1.  
 
Multivariate analyses of the data included construction of Bray-Curtis similarity 
matrices from double square-root transformed but unstandardised data. 
Multidimensional scaling ordinations were generated from 10 random starts. 
ANOSIM tests of assemblages were run with 999 permutations. These multivariate 
procedures were run using PRIMER v 5 software (PRIMER-E Ltd). 
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Figure 5.1 Collection 1. Abundance (no. per 10 sq cm ± 1 SE, n = 6 for each 
mean) of a) Total meiofauna, b) Nematodes and c) Copepods d) Polychaetes e) 
Oligochaetes and f) Mites at the Jetty and Creek sites. HT, LT – high and low tide. 
Note that mites were absent from the Jetty in this collection  
        0-1 cm,  1-2 cm depth 
 
5.4 Results 
In all cores from both collections the redox discontinuity level was positioned 
between 1 and 2 cm deep; the 1-2 cm layer samples were therefore composed of 
oxic sediment overlaying a grey/black anoxic layer, and the 2-3 cm layer was 
below the redox discontinuity layer in all samples. 
 
Collection 1 
Two main trends are evident from Figure 5.1, in which the abundance of the 5 
dominant taxa in 0-1 cm and 1-2 cm strata are shown at high and low tide at each 
site. Firstly, it is clear that for all taxa (with the exception of mites at the Creek 
site) the upper centimetre of sediment contained more meiofauna than the lower 
layers. This pattern was similar at both sites. Secondly, the total density of 
meiofauna (Fig. 5.1a) was higher at low tide than at high tide. Nematodes, 
polychaetes and oligochaetes were most abundant at the surface during at low tide. 
This tidal effect appears to be greater in the surface 0 -1 cm than the 1 - 2 cm layer.  
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Mites (Fig 5.1f) were absent from the Jetty site and very rare in sediment at the 
Creek. Although their incidence in the sediment was extremely low, the data 
suggested that mites displayed a different pattern from the other taxa because they 
occurred in only the lower stratum at low tide and in only the upper stratum at high 
tide (4 and 3 individuals per 10 sq cm, respectively.  
 
The trends suggested during low tide at the Creek in Figure 5.1 were tested by 
ANOVA. A 3–factor analysis (Table 5.2) failed to detect a significant main effect 
of Tide on the abundance of any taxon. Nematodes were significantly more 
abundant at the Jetty than at the Creek. Depth was resolved as highly significant in 
distribution of nematodes and polychaetes; both groups attained higher density in 
the 0-1 cm stratum. A significant interaction between Tide and Depth for copepods 
indicated that these mobile animals altered their vertical profile in the sediment 
between low and high tide. Oligochaetes displayed a significant interaction 
between Site and Depth, because a greater proportion of the group were found in 
the upper stratum at the Creek site compared with their more even distribution 
throughout the top 2 cm at the Jetty. 
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 a) Nematodes b) Copepods c) Polychaetes d) Oligochaetes 
Source MS F P MS F P MS F P MS F P 
Tide 3.892 18.5 ns 2.906 0.7 ns 3.164 28.0 ns 2.440 2.6 ns 
Site                      25.768 40.066 *** 2.745 1.950 ns 2.543 3.701 ns 0.783 0.752 ns 
Depth                        37.175 226.7 *** 11.79
1 
4.8 ns 90.816 1261.3 *** 26.531 4 ns 
Tide*Site  0.210 0.326 ns 4.375 3.108 ns 0.113 0.165 ns 0.926 0.889 ns 
Tide*Depth  0.126 0.2 ns 1.926 175.1 * 1.180 0.6 ns 7.293 22.4 ns 
Site*Depth 0.164 0.254 ns 2.476 1.759 ns 0.072 0.105 ns 6.643 6.375 * 
Tide*Site*Depth 0.551 0.856 ns 0.011 0.008 ns 2.041 2.971 ns 0.326 0.312 ns 
Error                         0.643   1.407   0.687   1.042   
 e) Total meiofauna 
Source MS F P 
Tide 0.560 93.3 ns 
Site                      3.737 49.008 *** 
Depth                        6.956 302.4 *** 
Tide*Site  0.006 0.074 ns 
Tide*Depth  0.001 0.043 ns 
Site*Depth 0.023 0.308 ns 
Tide*Site*Depth 0.024 0.317 ns 
Error                         0.643 
Table 5.2. Collection 1. 3-factor ANOVA to test effects of Tide 
(fixed factor), Site (random factor) and Depth (fixed factor) on 
abundance. Counts for all taxa were (log +1) transformed; 1, 40 
degrees of freedom for every test. ***, * indicate P<0.001, <0.1 
respectively  
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The percentage composition of the meiofauna within the 0-1 and 1-2 cm layers at 
each site is shown in Figure 5.2. There was greater dominance by nematodes at the 
Jetty site compared with the Creek site at both high and low tide. Oligochaetes and 
polychaetes each represented a greater proportion of the meiofauna at the Creek.  
 
Multivariate analysis of the data from Collection 1 by a 2-way crossed ANOSIM 
test showed a significant effect of depth (Global R = 0.512, P = 0.001, averaged 
across high and low tide samples). The effect of tide was not significant (Global R 
= 0.017, P = 0.27, averaged across both depths).  
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Figure 5.2 Collection 1. Percentage 
composition of meiofauna within 0-1 and 1-
2 cm depth layers at the Jetty and Creek 
sites during high and low tide. n = 6 for 
each value, N = 48 samples in total. 
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Table  5.3. Collection 2. Abundance (number per 10 sq cm ± one standard error) of the 7 main taxa collected at low tide, in each site 
(n=2 for each cell). 
 
a) Jetty 
 
 
 
b) Middle 
 
 
 
c)Creek
Depth stratum Nematodes Copepods Polychaetes Kinorhynchs Turbellarians Oligochaetes Mites
0-1 cm 846 ± 276 52 ± 11 57 ± 29 21 ± 21 30 ± 11 3 ± 3 0 
1-2 cm 332 ± 38 2 ± 2 0 0 0 0 0 
2-3 cm 175 ± 38 0 2 ± 2 0 0 0 0 
Depth stratum Nematodes Copepods Polychaetes Kinorhynchs Turbellarians Oligochaetes Mites
0-1 cm 325 ± 277 21 ± 11 0 29 ± 13 5 ± 2 3 ± 3 3 ± 3 
1-2 cm 40 ± 14 0 0 0 0 3 ± 3 0 
2-3 cm 13 ± 13 0 0 0 0 0 0 
Depth stratum Nematodes Copepods Polychaetes Kinorhynchs Turbellarians Oligochaetes Mites
0-1 cm 613 ± 40 88 ± 72 8 ± 8 32 ± 32 16 ± 16 0 0 
1-2 cm 38 ± 18 0 0 2 ± 2 3 ± 3 0 0 
2-3 cm 38 ± 3 0 0 0 0 0 0 
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Collection 2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In addition to the Creek and Jetty sites used previously, Collection 2 included a 
third site (named Middle) positioned mid-way between the first two. Table 5.3 
shows (for each site) the density of meiofaunal taxa in each of the upper three 
centimetres of sediment. General patterns of distribution were similar in both 
collections, but there were two clear differences between the abundance and 
composition of meiofauna in the two sets of data. Firstly, the total density of 
meiofauna in Collection 2 (Fig. 5.3) was generally much lower than in Collection 1 
samples retrieved 5 weeks earlier (Fig 5.1a). Secondly, kinorhynchs and 
creek jetty middle
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Figure 5.3 Collection 2. Abundance of total meiofauna (mean of all taxa ± 1 
SE) within 3 strata at 3 sites. n= 2 for each mean, N = 18. 
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turbellarians were present in all sites at the second collection but neither of these 
taxa was represented in the earlier samples from Jetty and Creek sites.  
 
Nematodes dominated all samples in this study, accounting for at least 80% of 
meiofauna in the top centimetre, and that represented an increasingly high 
proportion of the total in deeper sediment layers, as shown in Figure 5.4. 
 
The effects of Depth (fixed factor) and Site (random factor) on abundance of five 
taxa was examined by 2-way ANOVA tests. Oligochaetes and mites were excluded 
from analysis because of their very low numbers in sediment samples. Results 
showed that Depth was a significant factor in the distribution of all the five taxa 
(Table 5.4). Site influenced the abundance of only nematodes, and the significant 
interaction between the 2 factors revealed that nematodes were differently affected 
by depth at each site. The Depth*Site interaction was marginally insignificant (P= 
0.051) for polychaetes, suggesting that their vertical profile may have differed 
slightly at the 2 sites.  
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Figure 5.4 Collection 2. Percentage composition of meiofauna within 3 strata 
at 3 sites. n = 2 for each value, N = 18. 
 
The methods used in sample collection and processing were the same for both 
February and March data sets and the results obtained on these dates from sediment 
cores sampled at Jetty and Creek sites were therefore comparable. All samples 
collected from these 2 sites during low tide, and from 0-1 cm and 1-2 cm depth 
layers (n = 32) were included in construction of a Bray-Curtis similarity matrix 
(see Methods). The ordination plot of these data (Fig. 5.5) revealed clusters of 
points based on the dates of collection (Global R = 0.111, P = 0.03). Based on 
coarse taxonomic composition, meiofaunal assemblages were similar in samples 
collected on February 4 and 6 (Global R = -0.028, P = 0.61) but the February 6 
samples differed significantly from those on  March 10 (R statistic = 0.293, P =  
0.004). The differences between February 4 and March 10 were not significant at 
the 5% level (R = 0.138, P = 0.067). Differences between the sites averaged across 
all dates were not significant (2-way crossed ANOSIM, Global R = 0.111, P = 
0.035). 
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Table 5.4. Collection 2. 2-factor ANOVA results to test the effects of site (random factor) and depth (fixed factor) on abundance of the 
main taxa. Counts were all (log+1) transformed. Oligochaetes and mites were excluded from the table because of low numbers (see 
Table 5.3) 
 
 
 
 
Polychaetes 
 
Kinorhynchs Turbellarians 
MS F P MS F P MS F P 
5.604 14.477 <0.001 15.370 31.625 0.004 12.386 19.505 0.009
3.775 6.066 0.021 0.921 0.979 0.412 0.825 3.052 0.097
2.239 3.598 0.051 0.486 0.517 0.725 0.635 2.352 0.132
0.622   0.940   0.270   
Source of 
variance 
df Nematodes Copepods 
  MS F P MS F P 
Depth 2 9.770 16.095 0.012 24.469 91.600 <0.001
Site 2 5.739 42.588 <0.001 0.515 1.083 0.379 
Depth*Site 4 0.607 4.502 0.028 0.267 0.562 0.696 
Error 9 0.135   0.476   
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Figure 5.5 Ordination plot of meiofaunal abundance and composition in 
samples collected at low tide in both collections 1 and 2 at Jetty and Creek 
sites (n = 32). Feb 6 samples differed significantly via ANOSIM from those 
collected on March 10, see text. 
 
5.5 Discussion 
 
Changes in the vertical distribution of meiofauna sampled at high and low tide 
were revealed. The mean abundance of meiofauna in the uppermost centimetre of 
sediment was diminished at high tide, and the loss was not matched by increased 
density in the lower stratum. Thus it is unlikely that migration downwards at high 
tide occurred during these collections. A parsimonious solution is that the animals 
became suspended in the water as incoming tidal currents flooded the mudflat. The 
change in meiofaunal density at high tide expressed as a percentage of the low-tide 
February 4
February 6
March 10
Stress: 0.05 
 162
density (Table 5.5) suggests that between 25% and 75% of nematodes, 
oligochaetes and polychaetes may be eroded from the upper layer into the water 
column during high tide. These data therefore support the hypothesis tested in this 
study, because the loss from the sediment surface at high tide was not matched by 
an increase in density in the lower strata. 
 
Table 5.5 Net % change in abundance of meiofauna at low tide compared with at 
high tide, at two sites.    
 
Jetty 
% change 
Creek  
% change
 
Nematodes 41.5 38 
Copepods 89 -50 
Polychaetes 25 75 
Oligochaetes 72 46 
 
Many species of copepods are known to be active swimmers and they displayed a 
different response from those taxa that are passively swept into moving water. At 
the Jetty site, 89% of copepods present in the sediment at low tide were ‘missing’ 
at high tide, whereas at the Creek this taxon was less abundant in the sediment at 
low tide compared with high tide. The flow characteristics of the water at the Creek 
site differed slightly from at the other 2 sites, and the higher turbulence may have 
been sufficient to deter swimming and to elicit burying behaviour in the upper 
 163
layer by this taxon. Laboratory experiments (Armonies 1994) have demonstrated a 
severe reduction in copepod abundance in the water column as flow increased 
above 3 cm s-1 through to 30 cm s –1 , above which all meiofauna were eroded with 
the sediment into the water column. In the Barwon estuary flow rates of water 
during the summer and in the region of the study site have been measured in the 
range 10-30 cm s-1 (unpublished observations). In a separate study, Sherwood et al. 
(1988) measured flow rate at peak discharge periods in early spring, when the 
maximum velocity ranged between 18.5 - 73 cm s-1 . During slack water [at 2 ±1 
hours after peak water level, Sherwood et al. (1988)] the flow rate may fall 
sufficiently to permit active swimming behaviour of copepods.  
 
During low tide at the Creek, mites were only collected from the 1-2 cm layer. The 
distribution of the small numbers of mites found at the Creek suggest they may 
migrate downwards at low tide, but to a deeper layer than the copepods (Fig 5.51f). 
In a subsequent experiment (Gwyther, in prep) mesh traps were deployed  to 
sample tychopelagic (i.e. temporarily water-borne but otherwise normally benthic) 
meiofauna in the River Barwon estuary during December 2000. Nematodes, 
copepods, and polychaetes were collected in highest numbers within 10 cm of the 
bottom, due to either passive erosion from the sediment surface by currents or 
active rafting into the overlying water. Mites were under-represented in the 
tychopelagic meiofauna compared with their abundance in the benthos, and their 
downward migration into the sediment and tenacity for the substratum might 
explain these observations.  
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Samples collected from the Middle site contained significantly lower abundances 
of nematodes and polychaetes than from the other 2 sites. Perhaps this was a 
consequence of the suspended proportion remaining within the 5 mm layer of 
overlying water at the Middle site during sampling. The corer did not include this 
water, because the flattened distal end of the plunger was placed against the 
sediment before withdrawing the sediment core.  
 
Spatial differences at the scale of the sites (10-30 m apart) in this study were shown 
to be significant for nematodes (both collections) and polychaetes (collection 2 
only). Temporal changes in the abundance and composition of meiofauna from the 
February and March samples were also evident. Kinorhyncha and Turbellaria were 
absent from the February collection but present 5 weeks later. In a previous study 
(Gwyther 2000), these taxa represented 1.4 and 1% of the total sediment 
meiofauna, respectively, averaged over 16 months. Their absence from samples 
cannot be readily explained from the present data. Whereas the low tide samples 
collected on February 4 and 6 were not distinguishable by multivariate analysis, the 
later samples from March 10 were clearly distinct from those on February 6. The 
February 4/March 10 comparison was significant at the 10% level. These data 
comply with the notoriously patchy distributional patterns (Giere 1993) of 
meiofauna both vertically, horizontally and temporally. Responses to abiotic and 
biotic factors together with stochastic perturbations must be implicated as causative 
mechanisms. 
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A study of vertical tidal migration of nematodes by Steyaert et al. (2001) 
emphasised the importance of  a species-level approach: in an estuarine tidal flat in 
SW Netherlands the total nematode community reached a maximum density in the 
surface (0-0.5 cm deep) layer of sediment during submersion due to upward 
migration on the ebbing tide. However, there were upward and downward 
migrations by certain species. At low tide the highest density was recorded from 
the subsurface layer, between 0.5-1.0 cm deep. Although downward migrations of 
total meiofauna were not demonstrated in the present study (with the possible 
exception of mites), there were some findings similar to those of Steyaert et al. 
(2001). In both studies depth was a significant factor controlling total nematode 
abundance, and no effect of tidal stage was identified. No tide by depth interaction 
was demonstrated for the total nematode assemblage in either study, whereas this 
response was shown for some nematode species by Steyaert et al. (2001) and for 
copepods in the Barwon estuary.  
 
In conclusion, this survey of the vertical profile of meiofauna in a temperate 
mangrove ecosystem revealed that the animals were most abundant within the 
uppermost centimetre of sediment. Although no significant effect of tidal stage was 
resolved for any of the coarse-level taxa, there was a loss into the water column 
during high tide of between 25-89% of animals from in the upper centimetre of 
sediment. Deeper migration was not detected, and that may have been constrained 
by the shallow oxidised layer. The experimental hypothesis was thus supported by 
 166
these data. Erosion and dispersal are processes which continuously redistribute 
intertidal soft-sediment meiofauna, emphasising the dynamic nature of the 
meiobenthos and the significance of settlement behaviour in maintaining non-
random assemblages.  
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Chapter 6 
TYCHOPELAGIC MEIOFAUNA IN A TEMPERATE 
MANGROVE 
 
6.1 Abstract 
Meiofauna drifting in tidal currents was collected in 3 different devices 
deployed for 24 and 36 hours on the fringe of a temperate mangrove forest in 
south-eastern Australia. Mesh traps, pot scourers and sediment traps positioned 
more than 10 mm above the sediment retained only small numbers of animals. 
Nematodes (22 genera), copepods, mites and polychaetes were collected, and 
the composition of retained meiofauna was similar between the 3 different 
collecting devices. The composition of the catch was similar across patches of 
pneumatophores supporting different epibiotic meiofaunal assemblages. These 
results suggest the relative importance of settlement and post-settlement events 
in structuring the distinctive assemblages characteristic of algal- and barnacle- 
fouled pneumatophores.  However, the composition of tychopelagic meiofauna 
differed from that of the epibiotic assemblage, and indicated that nematodes in 
particular were readily transported in water up to10 cm above the sediment 
surface. 
 
6.2 Introduction 
Suspension and subsequent transport of meiofauna in currents has been well 
documented in both lotic and marine systems (see review by Palmer et al. 1996). 
The role of temporary suspension in the dynamics of otherwise benthic 
meiofauna is likely to be important if re-settlement from the water column onto 
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benthic substrata they encounter is non-random. The tychopelagic existence of 
the marine meiobenthos clearly has some analogies to meroplanktonic life 
stages of macro-invertebrates, since it represents an opportunity for dispersal of 
otherwise sedentary organisms. Thus, the importance of the migration potential 
of meiofauna must be considered in estimation of population parameters 
(Armonies 1994) and ecological investigations at local and regional spatial 
scales (Commito and Tita 2002). 
 
Studies of recruitment of marine invertebrate larvae from the plankton to the 
benthos comprise ‘supply-side ecology’ (Roughgarden et al. 1987; Underwood 
and Fairweather 1989). This area of ecological study is focussed towards an 
understanding of the dynamics involved during the transition between pelagic 
and benthic parts of the life history of macro-invertebrates. The relative 
significance of supply-side ecology compared with post-recruitment processes, 
e.g. predation and competition, in controlling local assemblage dynamics 
remains topical, and experimental work has investigated mostly macro-
invertebrate species (Fairweather 1988, Olaffson et al. 1994). Dispersal ability 
of larvae can greatly influence spatial heterogeneity in abundance, particularly 
following severe disturbance (Reed et al. 2000). Following dispersal, 
discriminatory behaviour during settlement obviously contributes to the patchy 
distributions through the habitat of many species that are sessile after 
metamorphosis (Keough and Raimondi 1995, 1996). 
 
There are few published studies that compare the composition of water-borne, 
dispersing meiofauna with the underlying benthic assemblage. The proportions 
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of meiofaunal taxa that were suspended and transported in the water column 
above a sheltered mud-flat were shown by Commito and Tita (2002) to differ 
from their proportions in the sediment. Nematodes were passively dispersed 
with sediment bedload, and the susceptibility to transport was greatest for 
epigrowth feeders because this nematode feeding group occurs closest to the 
sediment-water interface. Copepods were transported independently of the 
bedload fraction, which suggested an active behavioural component to dispersal 
(Commito and Tita 2002). The extent to which dispersal and recolonisation 
processes influence meiobenthic assemblage structure is poorly understood. 
Atilla et al. (in press) collected meiofauna from artificial substrates (pot 
scourers) in the water column and compared the assemblage composition with 
sediment and pier piling assemblages. The nematode and copepods colonists 
were both more similar to pier piling than to sediment assemblages. The role of 
physical heterogeneity (or habitat structure) in mediating dispersal and 
population patterns at a local scale (tens of metres) seems likely to be significant 
and is further investigated here. 
 
There are several distinctive habitats for meiofauna in a mangrove forest, 
including leaf litter, pneumatophores, and sediment. Finer resolution of some of 
these sub-habitats has been demonstrated by studies in a temperate mangrove 
system in south-eastern Australia, where, for example, the effect of shading by 
the tree canopy was significant on assemblages of leaf litter nematodes 
(Gwyther 2002). Characteristic assemblages of meiofauna have been shown to 
occur on living pneumatophores dominated by algal or barnacle epibionts  
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(Gwyther 2000). Furthermore, nematode assemblages upon mimic 
pneumatophores were shown to be dynamic, demonstrating turnover rates of 
about 65% between 6 censuses over 47 weeks (Gwyther and Fairweather 2002). 
The maintenance of discrete meiofaunal assemblages in these examples suggests 
that the combined effects of immersion time, mixing and hydrodynamic 
transport in the Barwon estuary are insufficient to over-ride the processes 
causing non-random distribution. 
 
The aim of this study was to investigate temporary pelagic suspension of 
meiofauna in the pneumatophore zone of the Barwon estuary. The null 
hypothesis to be tested was that the composition of tychopelagic meiofauna 
would be similar in samples collected from the water column above patches 
occupied by different epibiotic meiofauna assemblages. Traps were positioned 
in regions of algal-covered, barnacle-dominated and unfouled-pneumatophores 
to assess localised effects (at a scale of tens of metres) of the patch type on the 
composition and abundance of suspended meiofauna. Three different trap types 
were tested at heights from 10 mm to 175 mm above the sediment surface. If the 
data were shown to support the null hypothesis then the processes that generate 
discrete patches of meiofauna must occur during and after settlement onto their 
chosen surface. 
 
6.3 Materials and Methods 
Pelagic meiofaunal traps (Fig. 6.1) were constructed from 10 cm lengths of 90 
mm diameter UPVC stormwater pipe. A 50 ml glass vial measuring 3 cm deep 
and 5 cm in diameter (aspect ratio 0.6:1) was placed into the middle of the trap, 
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so that particles flowing through the trap were collected by the vial as they sank. 
The open ends of the trap were covered by nylex screens, such that a 500 μm 
screen was stretched, glued and permanently secured by a joining collar-piece 
across one end and a second, removable joining collar was screwed over a disc 
of 53 μm mesh across the opposite end. Two 7 mm diameter bolt holes were 
drilled across the diameter of the trap to both secure the glass vial in the correct 
position, and to fix the trap onto a wooden stake. These traps are henceforth 
called ‘mesh traps’, and they were deployed with the 500 μm screen facing 
towards the current in order to collect entrained meiofauna. The 53 μm screen at 
the other end of the trap was to prevent the escape of trapped animals. 
 
The first trial was conducted when the tidal range was 1.54 m. At low water on 
30 November 2000, 2 wooden stakes, height 1 m, were hammered to half their 
length into the sediment in each of three plots of algal-fouled, barnacle-
dominated and unfouled pneumatophores in the Barwon estuary. A pair of traps 
was fixed into an upper and lower position on each stake by a steel nut and bolt, 
as shown in Figure 6.1. The lower trap was 30 mm clear of the sediment so that 
the midpoints of the mouths of lower and upper traps were 75 and 170 mm from 
the sediment surface respectively. These heights were chosen so that water that 
passed through the traps was within the depth range of most pneumatophores on 
the mudflat. The traps on each stake were oriented parallel with the direction of 
river flow. On one stake the 500 μm screen faced upstream on both traps, thus 
collecting from the ebb tide. On the second stake in each patch the 500 μm mesh 
screen faced downstream, to collect from the flood tide.  
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a) 
 
 
 
 
 
 
 
b) 
 
 
 
 
Figure 6.1 a) lateral and b) sectional view of mesh traps used in both trials. 
Each stake supports 2 traps with similar mesh sizes facing the same direction. A 
pair on one stake faces into the ebb and the other into the flow current. Each trap 
contains a 50ml vial in which the water sample plus any settled meiofauna was 
collected.  
 
Traps were deployed for 24 hours (2 low-high tidal cycles) following which 
they were removed from the stakes. Each glass vial together with its retained 
water plus any captive meiofauna was transferred to an individual plastic bag, 
and sealed. Each trap plus both its mesh screens was transferred to an additional 
500μm
Tidal ebb, 
flow 
vial 
53 μm 53 μm
mud 
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bag. Within 2 hours of collection the retained water in the vial was filtered 
through a 53 μm mesh. Collected material was transferred to a Bogorov 
counting tray and inspected at low power. The rest of the trap including all 
deposited silt, and the two mesh screens, were vigorously washed through a 53 
μm collecting screen. The collected material was fixed and stored in 10% 
formalin for later inspection. 
 
A second attempt was made to sample suspended meiofauna from the algal and 
barnacle locations, in which 2 further collecting devices were assessed.  In 
addition to 2 mesh traps on one stake as described above, two plastic pot 
scourers of diameter 90 mm and consisting of 90 m of plastic thread were 
attached to a 1 m long bamboo stake (2 scourers per stake).  This was implanted 
close to and at approximately the same heights as the mesh traps.  The third 
apparatus consisted of sediment traps, each one made from a 350 mm length of 
90 mm diameter UPVC tube (aspect ratio 3.9:1).  An outer tube, sealed at the 
base, was fixed into the sediment at one of 2 depths, with the mouth either about 
130 mm or 10 mm above the mud surface.  These depths were selected in order 
to sample at the height of the pneumatophores and from just above the bottom.  
An inner sleeve, also closed at the base was placed inside for ease of capping 
and collecting the entire inner tube, plus water and settled sample, at the end of 
the deployment time. 
 
Two collectors of each type, i.e. pelagic traps, pot scourers and sediment traps (2 
of the latter at each depth) were positioned adjacent to the stakes used at the 
algal-fouled and barnacle-dominated locations in the previous trial at low water 
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on the evening of 13 December, and collected in the morning of 15 December 
2000. The collectors were therefore exposed to 3 tidal cycles during which the 
tidal level ranged between -0.15 and 1.61 m above chart datum (National Tide 
Facility, 2000). All traps in the second trial were positioned with the wider mesh 
towards the river mouth, facing the flooding tide. Five combinations of 
traps/heights were used. These were mesh traps at upper and lower positions 
(170 mm and 75 mm centres, respectively), pot scourers centred at 120 mm and 
sediment traps at 10 mm and 130 mm above the sediment surface.  
 
After retrieval the mesh traps were processed as in Trial 1, and scourers and 
sediment tubes were vigorously flushed with filtered water and the contents 
collected on a 53 μm sieve. Pot scourers were fixed in formalin to release 
tenacious organisms within the mesh, and re-rinsed. Whereas meiofauna from 
each mesh trap was processed separately, both pot scourers from a single stake 
were combined for processing because they were in close contact and it is likely 
that enmeshed meiofauna could have been transferred between upper and lower 
scourers as the water level drained and rose in the estuary. All meiofauna were 
enumerated, and nematodes identified to genus and/or putative species.  
 
Student’s t tests were used to examine differences between upper and lower 
traps, and between ebb and flood tidal flow. ANOVA was used to compare trap 
type/height combinations and patch types. The log-transformed counts of 
meiofauna were normally distributed, and residual plots showed assumptions of 
homogeneity of variance were satisfied.  
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Nematode genera collected in all samples during both trials were transformed 
for presence/absence prior to construction of a Bray-Curtis similarity matrix 
(PRIMER software). This was examined by multidimensional scaling (10 
random starts), to test for similarity between the 3 patch types. The PRIMER 
package was further used to discriminate any groupings by the ANOSIM 
procedure (1000 permutations). 
 
6.4 Results 
First trial, 1/12/00 
Only very small numbers of meiofauna were collected from mesh traps. There 
was a negligible catch for upper traps (2 ± 2 individuals, n=6) but a slightly 
larger catch in lower traps (10 ± 6 individuals, n= 6). The difference was just 
significant (Student’s t= -2.319, P= 0.050, df=7.7, separate variances). Table 6.1 
shows that 90% of the organisms were collected on the screens and in silt both 
in and on the traps, rather than from water retained by the vial within. 
Comparison of the catches of suspended meiofauna between mesh traps facing 
the ebb and flood current showed no significant difference (t=0.719,P=0.487, 
n=12, df=10). 
Second trial, 15/12/00 
The numbers of nematodes, copepods and mites retained during the second trial 
are shown in Table 6.2. For the trap and height combinations common to both 
trials, i.e. mesh traps at 75 mm and 175 mm above the sediment, there was no 
significant difference in the catch between upper traps (t=-1.157, P=0.387, df=6) 
or in the catch between the lower traps (t=0.407, P=0.698, df=6) when the trials 
were compared. This was despite trial 2 including 3 tidal cycles, when at least 
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50% more water would have flowed over the site compared with during 2 cycles 
during lower tidal amplitudes in trial 1.  
 
Lower mesh traps caught significantly more meiofauna than upper mesh traps 
(t= 2.362, P=0.036, df=14), for both trials combined. The low catch rates in 
collectors positioned more than 10 mm above the sediment was consistent in all 
traps in both trials, whereas sediment traps near the surface (trial 2 only) 
harboured significantly higher numbers of nematodes, copepods and slightly 
more mites than in any other trap/height combination tested. The mean number 
of meiofauna caught during both trials combined in each of the 5 trap/height 
configurations is shown in Figure 6.2. Comparison of the results by ANOVA 
indicated that the most successful devices were sediments trap close to the 
sediment surface (F=20.685, P<0.001, df=4,21). 
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Table 6.1. Results from collection of suspended meiofauna.  
First trial, 12/01/00. Mesh traps deployed during 24 hours, tidal amplitude 1.54 
m.  U, L = upper, lower position: trap centre 170 and 75 mm above sediment, 
respectively. 
 
No. of meiofauna. in silt Location Trap 
facing 
towards: 
Trap 
position 
Vol. 
of 
water 
mL 
No. of 
meiofauna  
in water 
Nem Cop Mit Pol 
U 36 0 2 0 0 0 Flood 
tide L 42 1 copepod 10 5 0 0 
U 44 0 2 1 2 0 
Barnacle 
Ebb tide 
L 42 0 7 0 0 3 
U 50 0 1 1 0 0 Flood 
tide L 60 0 9 0 0 0 
U 35 0 0 0 0 0 
Algae 
Ebb tide 
L 29 0 11 8 0 0 
U 30 1 nematode 1 0 0 0 Flood 
tide L 41 0 0 0 0 0 
U 53 1 nematode 2 0 0 0 
Unfouled 
Ebb tide 
L 57 5 ostracods 9 0 0 0 
     54 15 2 3 
    Sum = 8 Sum = 74 
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Table 6.2. Results from collection of suspended meiofauna.  
Second trial, 15/12/00. Collectors deployed for 36 h, i.e. over 3 complete High-Low tide cycles, tidal amplitude 1.76m. All mesh traps were 
flood tide traps. U, L – Upper and lower traps with mouth centres at 170 and 75 mm above sediment respectively. 
 
Location  Collecting Device Nematodes Copepods Mites Others 
1 0 1 2 zoea Mesh      U 
traps       L 2 1 0 Many veligers 
0 5 5 1 dipteran larva, amphipod, zoea Pot scourers 
3 0 0  
2 0 0  Sediment traps (130 mm above sediment) 
20 8 0 1 polychaete  
160 16 6  
Barnacle  
Sediment traps (10 mm above sediment) 
140 20 4  
6 0 0 1 nauplius Mesh      U 
traps       L 6 2 0  
7 0 0 1 megalopa, 1 gammarid, 1 dipteran 
larva 
Pot scourers 
4 0 0 2 isopods, 2 amphipods 
3 0 0 1 gammarid, many veligers Sediment traps (130 mm above sediment) 
12 0 0 2 isopods 
240 46 6  
Algae 
Sediment traps (10 mm above sediment) 
180 16 8  
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Figure 6.2  The mean numbers of meiofauna in different trap types, Trials 1 
and 2 combined. M –mesh traps, P – pot scourers, S – sediment traps. Subscripts 
show the height (mm) of the trap entrance above sediment level. Bars show 1 
standard error of the mean. 
 
 
6.4.1 Meiofauna in each patch-type 
The combined numbers of meiofauna retained in upper and lower mesh traps, in 
trial 1 are plotted in Figure 6.3a. Nematodes were the most frequent taxon from 
all 3 epibiont-patch types, whereas mites were collected only from the barnacle 
patch (Fig. 6.3b). The total number of meiofauna between patches was similar 
(ANOVA, F=0.924, P=0.432, df=2,9). The numbers of nematodes, copepods or 
mites caught in all 3 trap types in each patch was tested between the 3 patches, 
and no significant differences were found. 
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In the second trial, traps were set in algal and barnacle patches (they were not 
deployed in unfouled areas due to low catch rate in trial 1) and the mean 
numbers of meiofauna caught are shown in Fig 6.3c. There were similar total 
densities of meiofauna in algal and barnacle patches (ANOVA, F= 0.066, 
P=0.802, df =1,12 for all traps combined). The higher mean abundances of 
meiofauna in Trial 2 were attributed to the sediment traps, which were used only 
in this trial.  
 
ANOVA revealed that the four main taxa collected were distributed evenly 
between the different habitat patches in this trial. Although polychaetes and 
mites were present only in the barnacle patch, the small sample size and high 
variance made this difference statistically insignificant.  
 
The 22 nematode genera collected in traps are listed in Table 6.3. A multi-
dimensional scaling ordination showed no separation into groups characteristic 
of any single patch type (Fig. 6.4). The samples were mostly clustered together 
in the ordination plot, particularly those from the barnacle-fouled 
pneumatophore patch. The stress value of 0.01 for the plot indicated that the 
high-dimensional relationships among the samples were very well represented 
by the 2-dimensional array. 
 
 
Figure 6.3 The mean number of meiofauna retained per trap. a) Trial 1, in 
mesh traps positioned at 170 and 75 mm; b) trial 1, in 3 patches (all traps 
combined); c) trial 2, in 2 patches, (all traps combined) 
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Figure 6.4 Ordination plot of the meiofauna from all traps, both trials, 
labelled by the epibiont-patch type from where they were collected. ANOSIM 
detected no significant differences between the 3 groups. 
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Table 6.3. The genera of nematodes identified from traps. P present, - 
absent 
Trial 1 Trial 2 Nematode genus 
Mesh trap  Mesh trap Pot scourer Sediment trap 
Anaplostoma  - P - P 
Chromadorina P P P - 
Cyartonema - - - P 
Daptonema P P P P 
Desmodora - P - - 
Desmoscolex P - - - 
Diplolaimella P - - - 
Diplolaimelloides - - P - 
Draconema - - - P 
Metachromadora P P - P 
Metadesmolaimus P - - - 
Metalinhomeous - P P - 
Onyx - P - P 
Paralinhomeous P P  P 
Polysigma - - - P 
Prochromadora - P - - 
Syringolaimus P - - - 
Thalassomonhystera P - P - 
Theristus - - - P 
Trichotheristus - - P - 
Tripyloides - - - P 
Viscosia - - P P 
Proportion of genera 
recorded in trap 
9/22 9/22 7/22 10/22 
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6.5 Discussion 
All three trapping devices fixed at heights more than 10 mm from the bottom 
failed to collect many meiofaunal animals from all locations in both tests. 
However, many more animals were collected by sediment traps fixed with the 
mouth placed only 10 mm above the mud showing that dispersal in the water 
column occurred in currents close to the bottom during these collections. The 
lower mesh traps were positioned above this level, with the mouth spanning 
from 30 to 120 mm (centre point at 75 mm above the sediment), so the efficacy 
of these traps could not be directly compared with lower sediment traps (height 
10 mm).  
 
It is possible that suspended meiofauna were inefficiently sampled by traps 
presenting a mesh screen towards the inflowing current. This could result either 
from flow impedance at the entrance, or conversely from inefficiency if animals 
passing in at the front were lost through the back of the trap. The catch in ebb- 
and flood-tide facing mesh traps in Trial 1 was similar, suggesting that there 
may have been ingress and egress through both grades of mesh, and it is 
possible that meiofauna were consequently undersampled by mesh screens. 
However, the smaller mesh size (53 μm) reliably retains fixed meiofauna and is 
routinely used in sample processing (Gwyther 2000, 2002; Gwyther and 
Fairweather 2002) so that passage of animals through the openings would only 
occur as a result of wriggling through the gaps. Intuitively, a similar escape 
problem could have occurred with pot scourers, but comparison of the numbers 
of meiofauna in sediment traps and pot scourers traps at 130 mm in both trials 
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demonstrated that both devices retained similar numbers of animals (t = -1.740, 
P=0.124, df=7.2). Sediment traps were oriented vertically in the habitat, and 
entrapment depended on animals sinking down through the water column. Mesh 
traps were oriented lengthways, so that the water current was horizontally 
entrained along the pipe. Further tests are needed to assess the relative efficiency 
of these 2 systems. 
 
The relatively sheltered conditions within the estuary may have limited passive 
and active dispersal of suspended meiofauna by entraining them close to the 
bottom. The flow rate at the study site during summer fell within the range 10-
30 cm s-1 but there is higher discharge at other times of the year e.g. 40-73 cm s-
1 during the austral spring, in September (Sherwood et al. 1988) when rainfall is 
highest. The flow rate of water is likely to be reduced by frictional drag of the 
sediment and by retarding effects of structures such as pneumatophores and 
seagrasses. Suspended meiofauna are likely to sink to the bottom when the water 
current loses velocity as it passes across patches of pneumatophores or seagrass. 
It is during and after this sinking process that behavioural responses, particularly 
rejection of unsuitable substrata (Hardege et al. 1998) may affect patchy 
distribution. Subsequent controlling forces would include biological interactions 
with grazing macrofauna, for example. Walters et al. (1999) showed by 
endoscopic observations that both the flow-rate and the surface characteristics 
influenced post-contact exploration by invertebrate larvae prior to 
metamorphosis. 
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The results signify that under the conditions in the study site, the composition of 
suspended meiofauna above any area of bottom did not reflect the heterogeneity 
of the benthic assemblage below. For example, a previous study (Gwyther 2000) 
found that meiofauna on bare pneumatophores was represented only by mites, 
whose tenacity towards the substratum was noted. In the present experiment 
only nematodes were collected above unfouled pneumatophores: these probably 
entered the water column from the surface flocculent layer overlying the mud. 
Table 6.4 compares the composition of benthic assemblages in the Barwon 
mangroves (taken from Gwyther 2000) with the tychopelagic meiofauna 
sampled in the present survey. It is clear that nematodes were a 
disproportionately great component of the suspended meiofauna compared with 
their abundance on pneumatophores. However, this phylum accounted for 87% 
of the sedimentary meiobenthos in the area and it may be concluded that 
nematodes are likely to be passively transported by currents. Commito and Tita 
(2002) reported that for an intertidal mudflat ‘meiofauna taxa disperse in relative 
proportions different to those of the ambient community’, and the present study 
supports their finding. 
 
Of the 22 nematode genera collected from the water column in the present study 
(Table 6.4), 13 were found on either living or mimic pneumatophores in the 
same study area (Gwyther and Fairweather 2002). Active swimming by the 
nematode Chromadorita tenuis was described by Jensen (1981) who estimated 
that the worm could swim at speeds of 5 cm s-1 from the sediment towards 
submerged vegetation, and Anoplostoma viviparum (collected in mesh traps in 
the present study) has characteristics that enable it to maximise the benefits of 
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water-borne dispersal (Chandler and Fleeger 1983). A study of the nematodes 
on mangrove (Avicennia marina) leaf litter in the Barwon estuary yielded 21 
genera, and 9 of these were represented in the present collection (Gwyther 
2002). The smaller overlap in the latter data set may reflect a behavioural 
preference for burrowing instead of rafting in some nematode species. 
 
 
Table 6.4 Comparison of suspended and benthic meiofauna in 3 patches of 
pneumatophores. Values are percentages of the total assemblage, main taxa 
only. Benthic values taken from Gwyther (2000). 
 
 
 Algal patch Barnacle patch Unfouled patch 
 Benthic Suspended Benthic Suspended Benthic Suspended
Nematodes 40 85 1.1 69 0 100 
Copepods 16 14 7.4 16 0 0 
Mites 31 0.6 91 12 100 0 
Polychaetes 0.6 0 0.1 2 0 0 
 
The mites, in contrast to nematodes, were under-represented in water currents 
around barnacle-fouled and unfouled pneumatophores in comparison with their 
abundance on these substrata. Dispersal of mites clinging to rafting detritus is 
probably important, but the mesh traps did not sample these larger particles. The 
mite fauna in the Barwon estuary is dominated by Isobactrus uniscutatus, a 
resilient and tenacious species probably introduced to south-eastern Australia on 
rock ballast in tall ships 150 years ago (Bartsch and Gwyther in press). 
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Harpacticoid copepods are well known to undergo both passive and active 
dispersal in water currents (e.g. Chandler and Fleeger 1983; Service and Bell 
1987; Palmer 1988), and the group comprised a similar proportion of the 
meiofauna in both phytal-based and water-borne samples (see Table 6.4). 
Harpacticoids represented a greater proportion of both the phytal-based and 
suspended meiofauna than of the sediment assemblage.  
 
The tests in this brief investigation were insufficiently replicated to permit 
generalised conclusions to be reached. However, in a sheltered estuary over a 
temporal scale of 24 or 36 hours during the tidal range on the dates tested, 
pelagic dispersal of meiofauna occurred 10 mm from the bottom, but was 
negligible in water above 30 mm from the bottom. The composition of the 
suspended meiofauna was similar across different patches of benthos, and more 
generally reflects the differing propensity of the major groups for active 
migration (copepods), passive dispersal (nematodes) or tenacity to the 
substratum (mites).  
 
Maintenance of adjacent but distinctive hard- and soft-substrata assemblages at 
smaller scales of patchiness than could be demonstrated among dispersing 
meiofauna  in the water column therefore seems likely to be caused by 
behavioural responses during recruitment, and by subsequent post-recruitment 
processes. There is much scope for investigation of discriminatory mechanisms 
among meiofauna; comparative studies of settlement responses of 
meroplanktonic larvae and tychopelagic meiofauna may reveal commonalities 
of pattern and process between the pelagic and benthic realms.  
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Chapter 7 
COLONISATION BY EPIBIONTS AND MEIOFAUNA ON 
REAL AND MIMIC PNEUMATOPHORES IN A COOL 
TEMPERATE MANGROVE HABITAT 
 
7.1 Abstract 
The size and pace of change in meiofaunal assemblages suggest that 
meiofauna make excellent subjects for testing theory about how ecological 
communities change. A field experiment was performed in which abundance 
and composition of epibionts and meiofauna on natural, transplanted and 
mimic pneumatophores were monitored over a 47-week period. Meiofaunal 
density increased with growth of algal epibionts, both reaching maximum 
values after 24 weeks, at the end of winter. At this time the assemblages from 
the three substrata were similar, although the combined abundances of 
meiofauna on transplants and mimics were only 28% of the average on 
natural pneumatophores. Meiofaunal abundance on all substrata decreased 
rapidly during spring as algal cover declined due to desiccation. Twenty-three 
species of nematode were recorded from mimics, compared with 8 and 7 from 
transplants and pneumatophores, respectively. A temporal sequence of 
feeding groups occurred in the order of epigrowth feeders, deposit feeders, 
and omnivore/predators with the latter 2 adding to, rather than, replacing 
earlier trophic groups. Scavengers were found only on natural 
pneumatophores. Turnover rates of nematode species between all census 
times were similar, peaking at 63%, but there was no trend in the turnover  
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rate with time. It was concluded that mimics are more suitable than 
transplanted pneumatophores for colonisation studies because of their greater 
persistence and more easily standardised surface area. Moreover, the 
composition of colonising assemblages on them closely resembled 
assemblages on natural pneumatophores at the time of peak meiofaunal 
abundance.  
 
7.2 Introduction  
The meiobenthos has been increasingly recognised as a convenient tool for the 
study of community dynamics. The life-histories (no pelagic larval phase, 
generation times of 1-2 months) and ecology (high abundance and diversity, close 
association with the substratum, permanent benthic existence, range of trophic 
levels) of many meiofaunal taxa render these animals very suitable for studying 
the effects of pollution and other disturbances (e.g. see Coull & Chandler 1992 
and references therein, Schratzberger et al. 2000). For similar reasons, meiofauna 
are ideal subjects for investigation of colonisation and dispersal dynamics in 
sediments (e.g. Chandler & Fleeger 1983, Fegley 1988, Atilla & Fleeger 2000, 
Zhou 2001). In phytal habitats, several studies have provided data on seasonal 
changes of meiofauna (Hicks 1977, Sieburth & Tootle 1981, Johnson & 
Scheibling 1987, Rutledge & Fleeger 1993, Villano & Warwick 1995, Jarvis & 
Seed 1996, Hull 1997). Meiofauna on decaying mangrove leaf litter were 
followed over 5 weeks by Gee & Somerfield (1997), who reported significant 
differences in meiofauna during the process of leaf litter decay. The present study 
aims to follow colonisation of epibionts and meiofauna onto emergent mangrove  
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roots and to assess the use of a mimic substratum for further field experiments of 
meiofaunal community dynamics.   
 
Pneumatophores (vertically projecting peg roots) are prominent features in soft-
sediment habitats within mangrove forests of Avicennia marina (Forskål) 
Vierhapper. These plant structures may grow to 35 cm tall, extending from 
shallow lateral roots up to 20 m from their tree trunk (pers. obs.), and are essential 
to gas exchange in waterlogged soils. A single tree of 2-3 m height may have 
10,000 pneumatophores (Hogarth 1999). Studies made in several geographic 
regions have reported that pneumatophores are encrusted with epibiota, e.g. 
Sutherland (1980; in Venezuela), Ellison & Farnsworth (1992, Farnsworth & 
Ellison, 1996; Belize), Eston et al. (1992; Brazil), Bayliss (1993; South Australia), 
Aikanathan & Sasekumar  (1994; Malaysia), Phillips et al. (1996; South Africa) 
and Catesby & McKillup (1998; Queensland, Australia). Within the Barwon 
River estuary, Victoria, southeastern Australia, mangroves occur at the south-
westerly limit of their Victorian distribution, and are represented by a single 
species, A. marina.   
 
The pneumatophores at the Barwon estuary provide a repeated, hard substratum 
that supports distinctive macro-epibiont and meiofaunal assemblages (Gwyther 
2000). Thus, primary space on the pneumatophore may be colonised by the 
barnacle Elminius modestus or by algal growth dominated by the rhodophytes 
Caloglossa spp., Catenella spp., and the chlorophytes Ulva spp. and 
Enteromorpha spp. Individual pneumatophores supporting either one or both of 
these assemblages occur throughout the area, although pneumatophores without  
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any visible fouling are frequent beneath the tree canopy (Gwyther 2000). Each of 
these two macro-epibiont assemblages harbours a distinctive assemblage of 
meiofauna: halacarid mites dominate barnacle-encrusted pneumatophores, 
whereas algal epiphytes bear a more even biota of harpacticoid copepods, 
nematodes and halacarid mites. Both of these assemblages on pneumatophores 
have been shown (Gwyther 2000) to be significantly different from the 
meiofaunal assemblage in surrounding sediments (dominated by nematodes). 
 
The distribution of epibiont communities on pneumatophores is patchy at spatial 
scales from a few centimetres (e.g. adjacent pneumatophores bearing both 
epibiont types) to several metres (e.g. 2-3 metre diameter patches of 
pneumatophores fouled with one type of epibiont) (Sutherland 1980, Ellison & 
Farnsworth 1992, Bayliss 1993, Farnsworth & Ellison 1996). Temporal variability 
is also observed, with increasing cover of algae during winter months in 
southeastern Australia (Beanland & Woelkering 1982, 1983, Davey & 
Woelkering 1985). The succession of colonisers onto the surface of a bare 
pneumatophore might be expected to reflect initially the temporal sequence of 
propagules that find the surface acceptable. Their continuing persistence may then 
depend on the provision of food, space and shelter from physical stresses as well 
as the outcomes of various biotic interactions.  
 
The present study aimed to follow the early colonisation of pneumatophores 
towards the distinctive epibiotic communities described by Gwyther (2000). 
Suitable substrata for this purpose were assessed by comparing colonisation rates 
and assemblage composition of meiofauna onto natural but transplanted  
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pneumatophores with those patterns on artificial mimics. The first null hypothesis 
to be tested was that no differences would be found between the rates of 
colonisation of algae, barnacles and meiofauna onto transplanted and mimic 
pneumatophores that were bare at the start of the experiment. The second null 
hypothesis was that the composition of the assemblages of transplanted, real 
pneumatophores and mimics would be similar to in situ natural pneumatophores 
during the experiment. Third, Itested the possibility of predicting abundances of 
copepods or mites from the percentage cover on natural pneumatophores of algae 
or barnacles, respectively. The purpose of comparing new mimic pneumatophores 
with bare, real but dead ones was to assess the suitability of these convenient 
artificial substrates for further manipulative experiments in mangroves.  
 
7.3 Methods 
The study site was on the eastern bank of the Barwon River estuary (38°17’S; 
144°30’E) in Victoria Australia, southeastern Australia, about 1.5 km upstream 
from the river mouth (described by Gwyther 2000). The experiment commenced 
in April (the austral autumn). Three plots (called jetty, middle and creek) in the 
midst of dense pneumatophores, each measuring 4 m2 and separated by 5 m were 
marked with wooden stakes on the intertidal mudflat. The plots were at equivalent 
tidal heights (approximately mid-tide level) and spanned the mudflat between 5 
and 7 m seaward of the Avicennia trees. Two experimental treatments consisted of 
wooden mimics versus excised and transplanted, real pneumatophores; controls 
for these were undisturbed living pneumatophores (hereafter called 'natural') 
growing within each plot (these three treatment types are henceforth collectively 
referred to as ‘units’). ‘Mimics’ were made from untreated wooden (Eucalyptus  
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regnans) dowel rods, measuring 30 cm in length and 9 mm diameter 
(approximately the average diameter of pneumatophores at the study area, 
unpublished data). Twenty-four mimics were pushed 15 cm into the mud in 
random positions within each plot. ‘Transplants’ were 30 cm-long living 
pneumatophores from close to the tree trunks, where epibiota are rare and these 
aerial roots are longest (Gwyther 2000), clipped at just above mud level. Twenty-
four transplants bearing no epibiota were inserted into the mud in each plot. Units 
of both treatments were placed in random positions within each of the three plots, 
ensuring that no unit contacted another. 
 
The possibility of different temporal trends in the development of epibiota among 
the test substrata was investigated by following the assemblages for 47 weeks. 
Three replicate units of each treatment and control (i.e. nine units) were removed 
from each plot at each of seven time intervals - after 1, 2, 4, 8, 24, 32 and 47 
weeks from commencement of the experiment on April 17th, 1998. The first 8 
weeks were in the autumn, weeks 8-24 were in winter, weeks 24-32 fell in spring 
and weeks 32 to 47 were in summer. At each sample time, the treatment and 
control units were harvested by clipping off their emergent part just above the 
sediment level using secateurs. The treatment units were collected separately into 
plastic bags and returned to the laboratory within 3 hours for fixation in 10% 
formalin containing a few drops of Rose Bengal stain per litre. Algal cover of the 
primary space on each unit was assigned by eye to one of 10 percentage classes, 
from 0-10% through to 91-100%.  
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For processing, each unit was placed into a 100 mL measuring cylinder, shaken 
vigorously with filtered water and then decanted. The procedure was repeated 10 
times for each unit. Washings consisted mostly of meiofauna and algal fragments, 
and these were filtered through nested 500 µm and 53 µm stainless steel sieves 
and transferred to a Bogorov counting tray for enumeration of epibiota. The 
surface of each unit ‘mimic’ or ‘transplant’ was also inspected under 50 x 
magnification for any meiofauna not dislodged during washing. Initial counts of 
meiofauna distinguished at coarse taxon level (order, class or phylum) were made, 
and each sample was then transferred to a glass cavity block for slow evaporation 
to glycerol. Permanent ‘ecological mounts’ (Somerfield & Warwick 1996) were 
made by mounting the sample in fresh glycerol and sealing the coverslip with 
Bioseal No. 2 (Northern Biological Supplies). The nematode positioned closest to 
each of 20 randomly chosen grid points on each slide was identified to putative 
species and/or genus using Platt & Warwick (1983, 1988) and Warwick et al. 
(1998), giving a list of 20 specimens per slide. 
 
Classification of nematodes into 4 feeding groups based on the buccal 
morphology was first described by Weiser (1953). Group 1 includes species with 
an unarmed buccal cavity, and Group 2 have mouths armed with one or more 
teeth and/or cuticular ridges, denticles or glands. Group 1A and 1B includes the 
selective (narrow mouth entrance) and non-selective (wider aperture mouth) 
deposit feeders that consume bacteria and detritus respectively.  Group 2A has 
teeth and comprises herbivorous feeders that scrape off algae from the surface of 
sand grains or pierce single algal cells. Group 2B have wide buccal cavities and 
glands opening on the teeth, and are omnivore/predators. Although Weiser (1953) 
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warned of the over-simplification of this classification, it has been widely used in 
both its original and modified forms (e.g. Alongi 1990; Jensen 1987; Nicholas et 
al. 1991). Nematodes in this study, as per Alongi (1990), were grouped into 
deposit feeders (DF), epigrowth feeders (EG) and omnivore/predators (O/P). 
Scavengers (S, after Jensen 1987), were distinguished as a separate group, as used 
in mangrove nematode studies by Nicholas et al. (1991). 
 
7.3.1 Data analysis 
All univariate statistics were carried out using SYSTAT software. Changes in 
algal or barnacle cover on the three substrata (treatments) during the experiment 
were compared among Plot (random factor), Week (fixed) and Treatment (fixed 
factor) by 3-way factorial ANOVA.  Homogeneity of variance was confirmed by 
Cochran’s test and inspection of residuals. An arcsine transformation of the 
proportional cover of algae and barnacles on natural pneumatophores normalised 
these data.  Meiofaunal abundances were transformed by taking log (count +1) 
and were converted to densities per 10 sq. cm for purposes of comparison with 
meiofaunal studies that use this standard format. A 3-way ANOVA determined 
effects on meiofaunal abundance of plot and treatment across weeks.  
 
The efficacy of wooden rods as artificial pneumatophores for meiofaunal habitat 
was assessed by multivariate ordination of assemblage characteristics (relative 
abundance, taxonomic composition) with time. PRIMER software was used for all 
multivariate tests. Abundance data were standardised and double square-root 
transformed prior to construction of Bray-Curtis similarity matrices. 10 random 
starts were run for all MDS ordinations. The assemblages on the three substrata 
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up to 32 weeks were compared using a 2-factor crossed ANOSIM test, using 5000 
permutations. 
 
The formula given by Smith (1975) was used for calculating species turnover 
between temporal samples: Tov = 1/2*(l/nj + g/nk ) * 100%  where l is the number 
of species lost between censuses j and k, and g is the number gained, and nj  and nk 
are the numbers of species in censuses j and k. 
 
7.4 Results 
Wooden dowel rods remained securely in place during the experiment, whereas 
the surface of transplanted pneumatophores deteriorated with time. Cortical cells 
of the transplanted root degraded to a clear, mucilaginous substance consisting of 
stacks of small disc-shaped gelatinous structures. Eventually, the stele of each 
pneumatophore remained as a hard stick of only 3-5 mm diameter. The 
transplanted pneumatophores had deteriorated by week 32 to such an extent that 
they could no longer be used in the experiment. Thus, only mimic rods and natural 
pneumatophores could be harvested after week 32.  
 
Although the transplants were on average longer than mimics, they were slightly 
thinner (Table 7.1), such that there was no significant difference between the 
mean unit surface area of mimic and transplanted pneumatophores. Abundance of 
epibionts on these two treatments was therefore directly comparable. The mean 
unit surface area of natural pneumatophores was significantly larger than the 
surface areas of units of the other 2 treatments. Comparisons of faunal abundance  
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were therefore converted to an equivalent ‘unit’ surface area before comparisons 
were made. 
 
 
 
 
Table 7.1.  Dimensions of units from the three treatments harvested throughout 
the experiment. Unlike subscripts indicate significantly different dimensions 
(Tukey’s post hoc comparisons, P<0.05) 
 
Substratum 
Type 
n Mean Length 
± 1 SD (mm) 
Mean Diameter 
± 1 SD (mm) 
Mean Area 
(mm2) 
Mimic  63 138±19b 9±1a 3903b 
Transplant  54 167±40b 7.5±1a 3960b 
Natural  63 177±27a 8±2a 4450a 
 
 
7.4.1 Algal Cover 
Figure 7.1A shows that algae colonised no more than 1-2% of the surface area of 
mimics or transplanted pneumatophores during the first 8 weeks. There followed a 
rapid recruitment of algae onto artificial substrates during the winter, to maxima 
of 100% and 80% cover of primary space on mimics and transplants, respectively. 
Maximal cover was reached in spring (at week 24) followed by a precipitous 
decline in algal cover on all substrata for the remaining three sample times (i.e. 
over a six-month period of warmer seasons). At the last sample collection in week 
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47, algal cover on mimic pneumatophores was between 0 and 10% (mean = 6.1 ± 
1.6% SE, n = 9).  In contrast, algae were absent from the natural pneumatophores 
by the end of summer. The final samples of transplanted pneumatophores were 
harvested in week 32 (December, mid-summer) by which time the mean algal 
cover was reduced to only 1.1 ± 1.1% (n = 9).  
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Figure 7.1.  A. Percentage cover of algae on mimics, single pneumatophores 
('natural') and transplants between April 1998 and March 1999.  
B. Percentage cover of barnacles on mimics, natural pneumatophores and 
transplants between April 1998 and March 1999. 
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Algal cover varied interactively among plots and treatments throughout the 
experiment (Table 7.2A). Until week 24, the natural pneumatophores had much 
more algal cover than either of the other two treatments (Fig. 7.1A), but in weeks 
24 and 32 the type of substratum had no significant effect on algal cover when the 
three substrata were compared by Tukey tests. By week 47 there was no 
significant main effect of algal cover on mimics and natural pneumatophores, 
although algal cover interacted between treatments and plots (Table 7.2B). At that 
time the algal cover had declined to zero at the creek site, and only mimics at the 
jetty and middle plots retained small amounts of algal cover. The composition of 
algal colonisers and growing epiphytic communities included species of 
Caloglossa, Catenella, Bostrychia, Enteromorpha and Ulva. 
 
7.4.2 Barnacle Cover 
The mean percentage cover of barnacles on all sampled natural pneumatophores 
between April 1998 and March 1999 (Figure 7.1B) was 54.3% (±3.0, n = 63) and 
a 2-way ANOVA indicated no significant effect of Plot or Week on barnacle 
cover on them.  Very few barnacles recruited to mimics or transplants and so a 3-
way ANOVA was not performed. Up to 23 juvenile barnacle recruits (diameter 1-
2 mm) were observed on single natural pneumatophores only in March (week 47) 
whilst from 0 up to 9 were counted at this time on single mimics. The transplanted 
pneumatophores had decayed by this stage of the experiment, so they were not 
available to barnacle recruits. The experiment was terminated before any further 
increase in barnacle cover was seen. 
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Table 7.2.  A) 3-way ANOVA of changes in algal cover over weeks 1 to 32. The 
factors were Plot (random factor), Treatment and Week (both fixed).  Data were 
arcsine transformed. B) 2-way ANOVA algal cover at week 47 only, when 
Treatment = mimics and pneumatophores only.  Significant results are shown in 
bold.  
A 
Source df MS F P 
Treatment 2 1.24 31 <0.01 
Week 5 0.80 20 <0.001 
Plot 2 0.02 0.27 0.80 
Treatment*Week 10 0.18 3.00 <0.05 
Treatment*Plot 4 0.04 0.50 0.74 
Week*Plot 10 0.04 0.48 0.90 
Treatment*Week*Plot 20 0.06 0.75 0.77 
Residual 108 0.08   
B 
Source df MS F P 
Treatment 1 0.01681 3.9 >0.25 
Plot 2 0.00431 31.0 <0.001 
Treatment*Plot 2 0.00431 31.0 <0.001 
Residual 12 0.00014   
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  Figure 7.2.  (above) Abundance of meiofauna on mimics, natural 
pneumatophores and transplants between April 1998 and March 1999.  All taxa 
included. 
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Figure 7.3. Mean abundance of the 4 major meiofaunal taxa on single units of 
each substratum. Note the different scales on each Y-axis. 
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7.4.3 Colonisation by Meiofauna 
Changes in mean numbers of meiofauna (on 3 replicate units of 3 treatments at 3 
sites) from April 1998 to March 1999 are shown in Figure 7.2. There was a 
similar temporal pattern of abundance of meiofauna on all the substrata, in which 
the number of animals built up through the autumn, reached  maximum densities 
on all three treatments in week 24 at the end of winter, and fell back to the low 
levels of the pre-maxima plateaux by the end of spring. The epibionts on natural 
pneumatophores supported an abundant assemblage of meiofauna. Although a 
small number of nematodes contributed to the peak density reached in week 24, 
the vast majority of the meiofauna at this time was composed of harpacticoid 
copepods (Figure 7.3). Although the meiofauna on mimics and transplants 
followed a similar pattern, abundance was much less than on natural peg roots, 
but usually somewhat higher on mimics than transplants. This pairwise difference 
was significant only at week 24, when the maximal density was reached on all 
treatments (Table 7.3).  
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Table 7.3.  Average and maximum abundances (of all meiofaunal taxa combined) 
on the three substrata. Values are expressed as density = number of individuals 
per unit sampled.  @ density averaged over only 32 weeks for transplants, n = 54. 
Treatmen
t 
Mean (± 1 SE, n = 
63) over 47 weeks 
Mean (± 1 SE, n = 
9) at week 24 
Maximum on any 
unit at week 24 
 
Mimic  
 
46 ± 12.8 
 
229 ± 60.3 
 
532 
 
Transplant 23 ± 7.6@ 104 ± 34.9 338 
 
Natural  285 ± 52.8 828 ± 285 2610 
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Table 7.4.  Three-way ANOVAs of changes in the logged abundance of the four main taxa on mimics and transplanted pneumatophores 
over 32 weeks. The factors were Treatment and Week (both fixed) and Plot (random).  Results shown in bold are significant at α = 0.05. 
Treatment 1 1.81 1.33 NS 7.05 45.17 * 0.79 0.32 NS 14.88 17.91 *** 
Week 5 14.47 12.10 *** 30.15 21.94 *** 5.21 3.56 * 6.19 7.70 ** 
Plot 2 1.93 2.07 NS 4.83 6.45 *** 0.12 0.22 NS 0.61 1.81 NS 
Treatment*Week 5 1.74 2.67 NS 1.36 1.82 NS 3.72 4.79 * 5.87 7.63 ** 
Treatment*Plot 2 1.37 1.47 NS 0.16 0.21 NS 2.46 4.61 * 0.83 2.48 NS 
Week*Plot 10 1.20 1.28 NS 1.37 1.86 NS 1.47 2.75 * 0.80 2.40 * 
Treatment*Week*Plot 10 0.65 0.70 NS 0.75 1.00 NS 0.78 1.46 NS 0.77 2.30 * 
Error 72 0.93   0.75   0.53   0.34   
 
Source  
Nematodes Copepods Mites Dipterans 
 df MS F P MS F P MS F P MS F P 
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A 3-way ANOVA revealed distinct patterns of significance for the main 4 taxa 
(Table 7.4).  Nematodes only varied over time (Table 7.4), with week 24 having 
higher abundances than other times.  Copepods showed all three main effects to 
be significant (Table 4): again week 24 exceeded other times; they were more 
abundant on mimics than transplants (Figure 7.3); and plots differed as a random 
effect. Numbers of the third numerically dominant taxon, the halacarid mites, 
were similar at all times except for in week 32, when they were more numerous 
on pneumatophores than on any other collection date or treatment. This led to 
significant interactions between all pairs of factors (Table 7.4).  Dipteran larvae 
showed the most complex result, a significant 2nd-order interaction involving all 
three factors (Table 7.4), implying that abundance depended on the particular 
combination of treatment, plot and week. Diptera was the only taxon that showed 
an overall difference between the two experimental unit types (Table 7.5). 
 
7.4.4 Relationship of Meiofaunal Abundances to Macro-epibiont 
Cover on Natural Pneumatophores 
Significant but weak correlations between copepods and algal cover, and between 
mites and barnacle cover, were found. The abundances of copepods and mites 
could be predicted from the regression equations for these associations:  
log (no. of copepods) = 0.056(% algal cover) + 1.849 (r2 = 0.480;  F = 58.2, df1,61; 
P<0.001); 
log (no. of mites) = 0.021(% barnacle cover) + 2.596 (r2 = 0.124; F = 9.8, df1,61; P 
= 0.003). 
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The dominant genera of mites in this mangrove system were the halacarids 
Isobactrus and Rhombognathus, with a less frequently found unidentified golden 
oribatid. Copepods were not identified further. 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.4. MDS ordination plot of Bray-Curtis similarities between the 
meiofaunal assemblages on each substratum at 7 sample times (only 6 for 
transplanted pneumatophores) averaged across replicates at each time. Stress = 
0.15.  Points for each substratum are linked by a line in sequence from the start (= 
1). 
 
 
Figure 7.5. (over page) MDS ordination plots of Bray-Curtis similarities of 
meiofaunal assemblages on 3 substrata shown at each sampling time, n = 27. NB: 
no transplants available at week 47 (see text). 
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Figure 7.6. The percentage turnover (Tov) of nematode species between every pair 
of censuses, mimics and transplants combined. Species turnover was measured as: 
Tov = 1/2*(l/nj + g/nk ) * 100%  (Smith 1975) where Tov = percent turnover of 
species; l = number of species lost between censuses; g = number of species 
gained between censuses; nj = total number of species present at census j; nk = 
total number of species present at census k. 
 
7.4.5 Dowel Rods as Mimic Pneumatophores for Meiofaunal 
Assemblages  
Assemblages took rather different trajectories over time (Fig. 7.4) on the three 
treatments. One-way ANOSIMs done at each sampling time revealed that 
significant differences existed between assemblages at both 24 and 32 weeks, but  
not during the first 8 weeks (Table 7.6). Ordination plots of the meiofaunal taxa at 
each sampling time (Fig. 7.5) showed increasingly clustered mimic- and 
transplant-assemblages at successive times, compared with the consistently more 
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dispersed replicate natural pneumatophores. At the time of peak abundance in 
week 24, the meiofaunal assemblage on mimics most closely resembled that on 
natural pneumatophores (Table 7.6). Differences in abundance of meiofauna on 
the three treatments at week 24 was tested, and a post hoc comparison revealed 
similar meiofaunal abundance on mimics and pneumatophores (Table 7.3). 
During and following the decline in abundance at week 32, meiofaunal 
composition and abundance from all 3 substrata were dissimilar to one another.  
 
Table 7.5.  Abundances (as mean number per unit ± 1 SE) of the four main 
meiofaunal taxa on mimic and transplanted pneumatophores averaged over all 
times between April 1998 and March 1999. The asterisks indicate that dipteran 
larvae were more abundant on mimics (P<0.001); all other taxa NS by t-tests. 
Taxon Mimics, n = 63 Transplants, n = 54 
Nematodes 13.7 ± 4.5 9.4 ± 6.1 
Copepods 19.8 ± 6.7 9.4 ± 3.8 
Mites 4.2 ± 1.1 4.4 ± 1.3 
Dipteran larvae*** 8.4 ± 3.8 0.02 ± 0.02 
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Table 7.6.  One-way ANOSIM results testing differences of meiofaunal assemblages among three substrata at each sampling time. 5000 
permutations were run for each comparison.  Results shown in bold are significant at α= 0.05 (Global R) or 0.017 (pairwise comparisons with 
Bonferroni correction). 
 Week 2 Week 4 Week 8 Week 24 Week 32 
ANOSIM or Pairwise 
Comparison 
R value P R value P R value P R value P R value P 
Global ANOSIM 
 
0.10 0.06 0.06 <0.001 0.16 0.017 0.16 0.011 0.57 <0.001 
Mimic:Transplant 
 
-0.06 0.68 0.12 0.11 0.04 0.27 0.25 0.013 0.51 0.001 
Mimic:Natural 
 
0.21 0.03 0.59 <0.001 0.32 0.004 0.11 0.11 0.48 <0.001 
Transplant:Natural 0.15 0.04 0.38 0.001 0.12 0.09 0.17 0.02 0.77 <0.001 
  220
7.4.6 Fine Taxonomy of Nematodes  
Nematodes recorded from the three substrata during the experiment are listed in 
Table 7.7. Only Tryploides, Diplolaimella and Metachromadora occurred on all 
three treatments. The family Chromadoridae were represented by 12 genera (out 
of a total of 25) while the remaining 13 genera represented 10 other families. 
Species turnover between every pair of times is summarised in Figure 7.6. 
Turnover peaked at 63% between weeks 8 and 32, but there was no significant 
linear or non-linear trend in turnover rate during the 47-week period (as assessed 
by a LOWESS curve).  
 
The greatest number of species was recorded from mimic pneumatophores: of the 
total 27 species identified from the three substrata, 23 (85 %) occurred on mimics, 
compared with only 8 (29%) and 7 (26%) on transplants and natural 
pneumatophores, respectively. Table 7.8 indicates a clear sequence of 
colonisation, which commenced with Chromadorina cf. germanica and C. cf. 
nudicapitata, recorded on both artificial and transplanted pneumatophores during 
weeks 2 and 4. At 8 weeks of elapsed time, the number of genera increased from 
two to 17, but only five of those taxa, plus three additional genera, were recorded 
in the next collection at 24 weeks. At 32 weeks a further four genera were present, 
giving a total of 6 genera (8 species). By the final collection date in week 47, just 
three genera were recorded, and C. cf. germanica was numerically dominant in all 
of these samples, as well as being the only species to be represented at every 
sampling time.  
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Table 7.7.  The substrata from which nematode taxa were collected over 47 
weeks (all times combined). * indicates species found exclusively on natural 
pneumatophores.  The feeding group of each species according to the buccal 
structure is also shown, for details see methods: EG epigrowth feeder; DF deposit 
feeder; O/P omnivore/predator; S scavenger). 
Genus/putative species Feeding 
Group 
Mimics Transplants  Natural  
Adoncholaimus* O/P - - X 
Anoplostoma cf. viviparum DF X - - 
Anticoma DF X - - 
Atrochromadora DF X - - 
Chromadora cf. microlaimus EG X - - 
Chromadorella cf. filiformis EG X X - 
Chromadorina cf. germanica EG X X - 
Chromadorina cf. granulopigmentata EG X - - 
Chromadorina cf. nudicapitata EG X - - 
Daptonema DF X - - 
Desmolaimus DF X - - 
Dichromadora EG X X - 
Diplolaimella DF X X X 
Diplolaimelloides DF X - - 
Euchromadora EG X X - 
Metachromadora cf. remanei EG X X X 
Metalinhomeous DF X - - 
Neochromadora EG X - - 
Onchium* EG - - X 
Paralinhomeous DF - X - 
Prochromadorella EG X - - 
Ptycholaimellus EG X - - 
Spilophorella EG X - - 
Syringolaimus O/P X - - 
Terschellingia* DF - - X 
Thallassomonhystera DF X - - 
Tripyloides DF X X X 
Viscosia* S - - X 
TOTAL TAXA 28 23 8 7 
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7.4.7 Feeding Groups 
The sequence of 24 nematode species that colonised the mimics and transplants 
included 54% epigrowth feeders, 42% deposit feeders and 4% omnivore/predator 
feeding type (Tables 7.7 & 7.8). The early settlers (up to week 8) were all 
epigrowth feeders. Deposit feeders and a predator/omnivore colonised mimics and 
transplants at week 8 (Fig. 7.7) but no scavengers were found on experimental 
substrata (in contrast with natural pneumatophores) during the trial. Four species 
out of a total of 7 recorded from natural pneumatophores were not found on either 
of the other treatments.  
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Figure 7.7. Number of nematode species in feeding groups during the experiment 
for mimics and transplants combined. EG epistrate grazers, DF deposit feeders, 
OP omnivore/predators. 
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Table 7.8.  Nematodes collected from mimics (M) and transplants (T) at 6 collection times over 47 weeks.  
 
Week 
Taxon                             
2 
   M     T 
4 
M     T 
8 
M     T 
24 
M     T 
32 
M     T 
47 
  M      
Chromadorin. cf. germanica x x x x x x x x x x x  
Chromadorina cf. nudicapitata - - x x x x x x x x -  
Tripyloides  - - - - x x x x x x x  
Chromadorin. cf. granulopigmentata - - - - x - - - x - -  
Dichromadora  - - - - x x x x - - -  
Metachromadora cf. remanei - - - - x x x x - - x  
Neochromadora  - - - - x x - - - - -  
Chromadorina cf. microlaimus. - - - - x - - - - - -  
Anoplostoma cf. viviparum - - - - x - - - - - -  
Atrochromadora  - - - - x x - - - - -  
Desmolaimus  - - - - - x - - - - -  
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Prochromadorella  - - - - x x - - - - -  
Chromadorina cf. filiformis - - - - x x - - - - -  
Syringolaimus  - - - - x - - - - - -  
Spilophorella - - - - x - - - - - -  
Ptycholaimellus  - - - - x - - - - - -  
Daptonema  - - - - x - - - - - -  
Thalassomonhystera  - - - - - - x - - - -  
Paralinhomeous  - - - - - - - x  - -  
Euchromadora  - - - - - - x x - - -  
Diplolaimella  - - - - - - - - x x -  
Diplolaimelloides  - - - - - - - - x - -  
Metalinhomoeus  - - - - - - - - x - -  
Anticoma  - - - - - - - - x - -  
Taxa 1 1 2 2 16 10 7 7 8 4 3  
Total no. of taxa 1 2 17 8 8 3 
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7.5 Discussion 
Colonisation by algae and meiofauna occurred onto transplanted pneumatophores 
and mimics made from wooden rods. The reasons for slower colonisation onto 
excised pneumatophores compared with mimics may involve the protective 
characteristics of their outermost layer. Synthesis of certain phenolic compounds in 
plant material can be induced by wounding (Matsuki 1996) and so secretion of 
secondary metabolites due to injury from transplanting may reduce fouling.  
However, such compounds seem to be of little effect in natural pneumatophores, 
which provide significant habitat to a variety of epibiota (Gwyther 2000, this study).   
 
The average abundance and the maximal density of meiofauna on mimics was only 
28% and 20%, respectively, of those on natural pneumatophores. Slower 
colonisation rates and lower final abundances of meiofauna in experimental 
treatments compared with background levels in controls have been reported often in 
sediment re-colonisation experiments (e.g. Chandler & Fleeger 1983, Fegley 1988, 
Zhou 2001). Nematodes were slower colonists than copepods in all these studies.  At 
the time of peak meiofaunal abundance in the present experiment (after 24 weeks, 
see Table 7.6), the composition of assemblages on mimics and natural 
pneumatophores was similar despite lower total abundance of meiofauna on mimics.  
The resemblance between the assemblage composition on the two treatments also 
coincided with the time of peak algal cover. Multivariate analyses applied at coarse 
taxonomic levels established that the suitability of transplanted, dead 
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pneumatophores as experimental substrata was equivalent to that of mimics until 
week 24. However, after this elapsed time the meiofaunal assemblages were more 
similar between mimics and natural pneumatophores than between transplanted and 
natural pneumatophores (possibly due to transplants degrading). I conclude from 
these results that mimics were satisfactory substitutes for pneumatophore habitat 
because they were colonised by epibiontic algae and barnacles, and furthermore, 
they supported similarly composed assemblages of meiofauna during the time of 
peak algal abundance. Advantages to the experimental use of mimics include an 
easily standardised surface area, as well as greater persistence in the intertidal 
environment than was found for transplanted pneumatophores.  
 
At the level of nematode species (or genus), the mimic pneumatophores supported at 
least an equal number of taxa as transplants at every sampling time (see Table 7.8). 
The species found on mimics but not transplants included all feeding types, and their 
presence suggests a correspondingly broad range of food resources at least as 
diverse as that present on transplants.  
 
Composition and abundance of meiofauna became increasingly similar up to week 
24, followed by increased dissimilarity that coincided with a major disturbance due 
to algal decline (Table 7.6). Further experiments initiated at different seasons in the 
year are necessary before assertions about cyclical successions can be made. 
Although meiofauna do not have pelagic propagules, the recruitment of new 
juveniles may be closely linked to cycles of algal recruitment and growth.  
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The application to biomonitoring studies of meiofaunal colonisation onto artificial 
substrata (pot scrubbers, bottle brushes, tiles) was investigated in Louisiana by Atilla 
& Fleeger (2000). The surfaces for colonisation were below the water line and, in 
contrast with the present study, highest abundances of nematodes and copepods 
were recorded (in mid-summer) when filamentous microalgae were not present. 
Their longest study lasted only 8 weeks, but different copepod species were 
collected in winter when algae were abundant. However, in the Barwon estuary, 
pneumatophores are exposed to air at low tide, and bare pneumatophores support 
extremely limited meiofauna (Gwyther 2000). The greater abundance of meiofauna 
on unfouled substrata in subtidal positions, reported by Atilla & Fleeger (2000), 
emphasises the value of algal epiphytes and barnacles in providing moist 
microhabitats for meiofauna at intertidal heights. In subtidal regions in northern 
Japan, Kito (1982) reported that maximum nematode density on Sargassum 
followed synchronous increases of the standing crop of Sargassum and the amount 
of detritus that coated it. The opposite relationships between algae and meiofauna in 
the latter two studies may be due to differences in habitat complexity that were 
revealed (Warwick 1977) between filamentous and foliose morphologies, 
respectively. 
 
Comparison of algal species on mimics compared with natural epiphytic growth on 
pneumatophore substrate was not made in the present study but is currently being 
investigated. However, in Westernport Bay (approximately 60 km east of the 
Barwon river estuary), Davey & Woelkering (1985) scraped algae off natural 
pneumatophores in situ and monitored regrowth over 18 weeks. The existing 
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assemblage had been dominated by the rhodophyte Catenella, whereas Caloglossa 
prevailed amongst recolonising algae. Seasonal effects were not investigated in their 
study, which also commenced in the austral autumn.  
 
The marked decline in epiphytic algae throughout late spring and summer coincided 
with the onset of hot sunny weather. Algae became bleached following daylight low 
tides from October onwards, and did not recover from these events until after the 
study had terminated (March). Such seasonal effects are very pronounced within this 
temperate system. Although the mean daily maximum temperature is 20-23°C in 
summer, there are, on average, 14 days reaching over 30°C, and 2 days over 40°C 
each year (data averaged over 21 years, supplied by the Bureau of Meteorology 
(2000, URL http://www.bom.gov.au/climate/average). Summer low tides during the 
middle of the day expose intertidal algae to extreme desiccation. Summer rainfall is 
low in this region, increasing from a mean monthly average of about 40 mm during 
December-February to about 67 mm over July-September. The greatest abundance 
of algae and meiofauna on pneumatophores was in September (early spring), which 
coincided with the beginning of rising daily temperatures but followed peak rainfall. 
Monthly average air temperature increases and rainfall decreases from September 
through to March, at the time of declining abundance of both epiphytic algae and 
meiofauna on pneumatophores. In contrast with the present findings in temperate 
mangroves, Eston et al. (1992) found colonisation of artificial and natural mangrove 
substrata in warm-temperate Brazil (latitude 28°30’ S) to occur most rapidly in 
summer, when the most abundant algal genus (Bostrychia) settled to form a 
monotypic cover. Those authors found an increase in algal biomass from the 
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seaward to landward sectors of the mangroves, whereas the opposite trend was 
found in temperate Westernport Bay (Davey & Woelkering 1985).  
 
The spring decline in algal cover was mirrored by a decline in meiofaunal 
abundance. Even at the small spatial scale of meiofauna, a bare pneumatophore 
seems devoid of suitable habitat; a previous study (Gwyther, 2000) found that a few 
mites were the sole meiofauna on unfouled pneumatophores. Bartsch (1989) 
recorded mites among barnacles and algae in several geographical regions, but she 
considered mites to be very rare in silty flats. At our study site, mites made up only 
0.2% of sediment meiofauna but represented 91% of the meiofauna on barnacle-
covered pneumatophores (Gwyther, 2000). Mites showed an increase in numbers on 
pneumatophores as the algal cover waned, whereas the abundances of all other taxa 
declined (see Fig. 7.3). The majority of mites on pneumatophores belonged to the 
sub-family Rhombognathidae, whose members, unlike other halacarids, are 
algivorous and numerically dominant in most intertidal habitats (Bartsch, 1979). 
Pneumatophores are clearly valuable in providing patches of suitable habitat for 
mites in an otherwise muddy system. A study of the trophic link between microalgae 
of surface biofilms and phytophagous mite populations is needed to confirm the 
value of pneumatophores as a resource of both habitat and food. 
 
The colonisation results showed that peak abundances of copepods and mites were 
asynchronous (Fig. 7.3), and this temporal separation of the two dominant taxa on 
natural pneumatophores suggests the possibility of these peaks representing seres of 
a successional process. Although the species of copepods and mites were not 
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distinguished, the sequence of nematode species that colonised mimic and 
transplanted pneumatophores revealed changes in both richness and feeding types 
during the experiment. Whereas the earliest colonists (at 2 weeks) were represented 
by 2 congeneric species, richness of the assemblage had increased to 17 species (14 
new genera) by 8 weeks. Only 5 of these persisted in the assemblage at 6 months, 
and just 3 remained at the conclusion of the experiment. In Malaysia, Gee & 
Somerfield (1997) reported a successional sequence of nematodes that colonised leaf 
litter over the decay process, but the copepod fauna was more or less fully developed 
by the second week that leaves were on the mud-flat. In Louisiana, Atilla & Fleeger 
(2000) found 11 copepod species upon artificial substrates at 2 weeks, but this fell to 
8 species by 8 weeks. Monitoring the substrates used in their study over a longer 
term may have revealed persistence of some copepod species. Their initially rich 
assemblage probably reflected the active dispersal behaviour of copepods compared 
with the weak swimming ability, and thus passive dispersal, of most nematodes.  
 
A recent experiment (Zhou 2001) showed that sediment-colonising nematodes in a 
sub-tropical mangrove were more dominated by deposit feeders in detritus-enriched 
sediment, when compared with ambient controls. In the Barwon mangroves 
epigrowth feeders were the pioneer trophic assemblage on mimic pneumatophores, 
but subsequent colonisers included additional trophic groups. These findings suggest 
that pioneer species are not restricted to any trophic group but rather represent the 
group best able to exploit the resources available. 
The most common feeding type within nematodes from all three substrata was the 
epigrowth feeders, which have a buccal cavity adapted to graze plant cells by 
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piercing them and sucking out the contents. This trophic group was well represented 
by the family Chromadoridae, in common with nematode assemblages from 
Sargassum reported by Kito (1982). Chromadorina cf. germanica was the only 
species present at every sample time. This species was not abundant in mud, and 
was not recorded from natural pneumatophores, but is common (Gwyther, in prep.) 
on decaying leaves that are subject to all stages of fouling as they deteriorate, from 
the initial biofilm through to tufts of filamentous algae and trapped detritus. These 
data suggest that C. cf. germanica utilises biofilms as well as more aged phytal 
surfaces. The wide range of phytal habitats of chromadorids in temperate, northern-
hemisphere brackish seas (Jensen 1984) included all types of submerged vegetation. 
In the winter, when the phytal material breaks down and is incorporated as detritus 
into the sediment, the chromadorids remained in the sediment. They emerged in 
spring to recolonise newly growing macrophytes (Jensen 1984). This strategy 
contrasts with that of the monhysterids Diplolaimella and Diplolaimelloides, which 
were only recorded in the present study following the peak algal growth phase on 
experimental units. These latter two genera are known to be associated with the 
process of macrophyte decomposition (Villano & Warwick 1995) and their presence 
on mimics (and transplants for Diplolaimella) in week 32 suggests a role in 
decomposition processes by grazing on the bacterial fauna.   
 
Four nematode genera were found exclusively on natural pneumatophores (Table 
7.7) and three of these were more suited to ingest detritus, or to prey on other 
meiofauna, than to consume diatom cells of the early biofilm. These were Viscosia 
(scavenger), Terschellingia (deposit feeder) and Adoncholaimus 
  232
(omnivore/predator). The fourth genus only found on natural pneumatophores was 
Onchium, an epigrowth grazer with a piercing stylet. The absence of these genera 
from experimental substrata could be interpreted as immaturity of the latter 
assemblages, even after 47 weeks. The more complex habitat structure of foliose 
algae and trapped detritus that covers natural pneumatophores would be expected to 
provide additional niches for nematodes (and other phyla), and these may only 
develop over a longer time. 
 
The greatest species richness (17 species) was recorded at 2 months but, of these, 
only 5 persisted for 6 further months. These data suggest a dynamic assemblage, and 
turnover of nematode species from experimental substrata was great, peaking at 63% 
over a period of 24 weeks. Most nematodes are not active swimmers and some 
species collected from the experimental surfaces may have been only transient 
individuals alighting on a surface that presented suitable stimuli for colonisation. It 
is not known whether the resources available on mimics or transplanted 
pneumatophores were sufficient to sustain the species found there, and further 
experiments are needed to investigate trophic and reproductive relations. The 
sequence of species of certain feeding types can be interpreted as succession 
although the possibility of more ephemeral occupation cannot be discounted.  
In conclusion, manipulating substrata for meiofaunal assemblages provides a 
convenient tool for further study into marine succession and invites an experimental 
approach into both temporal and spatial dimensions of changing communities.  
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Chapter 8 
EFFECTS OF PATCH TYPE, BIOFILM AGE AND SURFACE 
RUGOSITY ON COLONISATION OF MIMIC 
PNEUMATOPHORES BY MEIOFAUNA IN A TEMPERATE 
MANGROVE. 
 
8.1 Abstract  
Mimic pneumatophores were implanted into 3 patches where growing 
pneumatophores of Avicennia marina were fouled by either algae or barnacles, or 
were naturally unfouled. The assemblage of meiofauna that developed was 
monitored upon smooth and ribbed mimics in samples harvested from these 
patches over 20 weeks. The developing assemblages on ribbed mimics in barnacle 
and unfouled patches were dominated by copepods, and resembled the local 
assemblage on living pneumatophores in each patch respectively. However, there 
was no similarity between colonisers and existing assemblages within the algal 
patch. Colonising nematodes did not follow this pattern, probably due to their 
much higher abundance in sediment than on pneumatophores. There were no 
demonstrable effects of biofilms aged 7, 11 or 20 weeks on the subsequent 
assemblage that colonised mimics in the mudflat. Colonising meiofauna on ribbed 
mimics was more similar to the natural meiofauna on adjacent living 
pneumatophores than the colonisers of smooth mimics. The effect of surface 
rugosity on colonisation was both taxon- and patch-dependent.  
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8.2 Introduction 
Meiofauna are ubiquitous on solid substrata in the marine environment, and the 
dynamic nature of phytal meiofaunal assemblages has been demonstrated on both 
mimic pneumatophores (Gwyther & Fairweather, 2002) and on mangrove leaf 
litter (Gee & Somerfield, 1997: Zhou, 2001; Gwyther, 2002). Many physical and 
biological factors contribute to such changes in abundance and composition of the 
meiofauna. Suspension, drift in the water column and subsequent deposition of 
particles occur during disturbance of bottom sediment due to tidal currents. In 
estuaries, bedload mobility is supplemented by erosion of the bottom due to 
riverine flow, and particle displacement depends on critical shear strength and 
water flow velocity (Jumars et al., 2001). As a component of the sediment, 
meiofauna are passively dispersed by hydrodynamic forces, and in addition some 
taxa are known to swim into the water column when currents are absent (e.g. 
harpacticoid copepods, Walters & Bell, 1986). The dynamics of tychopelagic 
meiofauna (i.e. temporarily suspended meiofauna that are otherwise benthic) in the 
marine environment are little understood and may partially explain the very wide 
range of distribution of many meiofaunal species.  
 
Giere (1993) has suggested the traditional separation of the plankton and the 
benthos is likely to become arbitrary in the light of recent demonstrations of 
intensive benthic-pelagic coupling in marine snow and demersal zooplankton, for 
example. The zoogeographical distribution of meiofauna has been termed the 
‘meiofaunal paradox’ (Giere, 1993), and refers to the cosmopolitan distribution 
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pattern of many species of interstitial polychaetes, turbellarians, gnathostomulids, 
gastrotrichs and ciliates.  
 
Empirical work on the nature and extent of movement of meiofaunal animals 
between patches of habitat is in its infancy, and the causes and extent of dispersal 
are little understood (Palmer et al. 1996). Density-dependent drift of meiofauna has 
been recorded (Service & Bell 1987) and meiobenthic swimmers (Armonies 1990) 
generally enter the water column at night. Rapid rates of turnover could therefore 
hide changes otherwise detectable in assemblage composition, including the 
development of seral stages, unless either the supply of colonists and/or their 
behaviour reflected a detectable series of events. Local biotic processes including 
competition and predation may exert relatively little influence over communities 
whose dynamics are primarily controlled by frequent and rapid dispersal rates 
(Findlay 1981).  
 
For pneumatophore-dwelling meiofauna in mangrove habitats, new patches of 
habitat can be encountered by organisms transported (actively or passively) in 
currents above the sediment surface. The source area from which these propagules 
originate potentially includes both the sediment and pneumatophores, at a scale of 
perhaps several kilometres of coastline. This may be described as regional supply, 
in contrast with local supply (at a scale of metres) from sediment and 
pneumatophores in the immediate vicinity of the new patch. The naturally 
occurring meiofauna on living pneumatophores provide a potential source of 
propagules, and we would predict that assemblages developing on mimic 
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pneumatophores might resemble those on neighbouring pneumatophores if local 
dispersal was a dominant process.  
 
Pneumatophores represent discrete patches of mangrove habitat for meiofauna and 
the dominant epibiont on this phytal surface determines the meiofaunal 
composition within the patch (Gwyther 2000). The pneumatophores comprise a 
mosaic of patches, and present a tractable system for investigating how habitat 
structure mediates dispersal of phytal meiofauna. Mimic pneumatophores made 
from wooden dowel rods offered a suitable tool for the present experiment because 
a) over a few weeks, mimic pneumatophores have been found to support an 
assemblage of meiofauna similar to transplanted real pneumatophores, b) they are 
convenient to use, and c) their use in place of living pneumatophores avoids injury 
to mangrove trees (Gwyther & Fairweather 2002).  
 
The aims of this study were to investigate whether there were detectable 
differences between assemblages of meiofauna colonising mimic pneumatophores 
in a temperate estuarine mangrove habitat. The first hypothesis to be tested was 
that regional dispersal of meiofauna was the dominant dynamic process. It would 
be supported by colonisation of available, similar patches of habitat by similar 
meiofaunal assemblages over a given time, irrespective of the local supply of taxa 
from neighbouring pneumatophores in the closest proximity. Alternatively, if local 
control of meiofaunal assemblages was more significant than regional control in 
terms of dispersal of populations, then colonists of new patches (represented here 
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by mimic pneumatophores) should more closely resemble assemblage composition 
of neighbouring pneumatophores than those further away. 
 
Mimic pneumatophores were aged in seawater for different periods in order to test 
the second hypothesis that the age of the biofilm (and hence the surface microbial 
resources) was of no significance to meiofauna that colonised mimics. 
 
The response to surface rugosity was also examined in the present study.  Thus, the 
third null hypothesis was that differences in the number of meiofauna settling on 
ribbed compared with smooth mimic pneumatophores would be explained just by 
any difference in total surface area of the substratum. If the factor by which 
colonisation increased was greater (or even less) than the factor by which surface 
area increased, then the physical complexity of the grooved surface would be 
judged significant because all other features of the substratum were the same. 
 
8.3 Materials and Methods  
The substrata for colonisation were smooth or ribbed mimic pneumatophores, 
represented by wooden dowel rods measuring 30 cm in length and 9 mm diameter.  
The circumference of ribbed mimics consisted of 20 ribs, each comprising a v-
shaped ridge of side 1250 µm.  All mimics were made from a hardwood timber 
Eucalyptus regnans (commonly known as Victorian ash.) 
On 16th November, 2000 two hundred ‘smooth’ and fifty ‘ribbed’ mimic 
pneumatophores (wooden rods), were placed into a mesh bag and securely hung  
for ‘conditioning’ beneath the DNRE Ports and Harbours jetty, Queenscliff, 
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Victoria (latitude 38° 16' S, longitude 144° 39' E) in at least 2 metres of water. The 
site for conditioning was chosen because a) it was secure, with restricted access, 
and b) the water depth and 20 km distance from the mangroves made it unlikely 
that colonisation of meiofauna from estuarine assemblages could occur onto rods 
whilst hanging in the bag. After 2, 7, 11 and 20 weeks rods ‘conditioned’ with 
resultant biofilm were removed from the bag, transferred to an insulated container 
and immediately taken to the mangroves in the Barwon River estuary.  On each 
occasion, 5 smooth mimics from the bag were separately fixed in formalin for later 
processing and faunal analysis as a check for any colonisation during the 
conditioning phase. 
 
The sites for implanting within mangroves at the Barwon estuary, Victoria (latitude 
38° 16’S, longitude 144° 28’E) were selected according to the dominant macro-
epibiont upon the natural pneumatophores. The three patch-types were a barnacle-
dominated patch, wherein at least 80% of the roots were encrusted with Elminius 
sp., an algal-dominated patch where Enteromorpha, Ulva or a mix of ‘felted’ red 
algae (known as ‘Bostrychietum’, and comprising Caloglossa, Catenella and 
Bostrychia) covered the surface of pneumatophores, and a patch where 
pneumatophores were unfouled by any macroscopic organisms. Each patch 
measured at least 2 x 2 m, and adjacent patches were positioned 10 m apart on the 
western bank of the Barwon River estuary. The barnacle patch was located furthest 
upriver, the algal patch was at the seaward end and the bare patch was in the 
middle. All patches were under the seaward edge of the Avicennia marina canopy, 
so that they were partially shaded from the sun during the late afternoon. There 
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were no algal epiphytes in the barnacle patch and less than 5 pneumatophores with 
barnacles were counted within the algal and bare patches. These few atypical 
pneumatophores were clipped off at ground level so that ‘pure’ epibiont patches 
could be compared. 
 
The experimental design did not provide for replication of patches. However, the 
size of each patch was large relative to the experimental units, and minimised the 
cumulative edge effects of smaller patches. Whilst inclusion of several discrete 
patches of each type would have avoided the pseudoreplicated design (sensu 
Hurlbert 1984), the extra time and resources involved were not feasible in the 
framework of the present study.  
  
On 30th Nov 2000, 75 mimics were transferred from the conditioning bag to the 
mangroves, and 25 were haphazardly implanted into each patch, but ensuring that 
no mimic or living pneumatophore contacted any other.  Subsequent transfers of 
rods from the conditioning bag to the mangrove mudflats were made on 5th January 
2001 (15 mimics implanted into each patch), 2nd February 2001 (10 mimics 
implanted into each patch) and 5th April 2001 (10 mimics implanted into each 
patch). Batches of mimics implanted on each of the 4 dates were identified by 
either no clipping, one- or two-sided clipping of a small portion from the tip. The 
fourth group, implanted after 20 weeks in the bag, were marked with a fixed rubber 
band around the tip (see profiles in Table 8.1).  
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Replicate samples of 5 smooth mimics from every batch were retrieved on the 
latter 3 dates given above, providing a total of 105 samples from a range of 
exposure times in the mangrove habitat. The 9 combinations of times in both the 
conditioning bag and in the mangroves are shown in Table 8.1. On each of the 3 
harvesting dates, 5 living pneumatophores were also collected from each patch 
(giving a total of 45 samples). These were to provide information about the 
potential ‘source’ meiofaunal assemblage within each patch.  
 
A total of only 50 ribbed mimics were included in the experiment. All the ribbed 
mimics were conditioned for 2 weeks prior to implanting in mud, and a sample of 5 
replicates was preserved from the bag after the 2-week conditioning period. The 
remaining 45 mimics were implanted, 15 into each patch, on November 30th 2000, 
and groups of 5 were harvested from each patch after 5, 9 and 18 weeks in mud (on 
January 5th, February 2nd and April 5th 2001, respectively).  
 
After harvest from the mudflat, the length of each clipped-off mimic was measured 
and the mean length of smooth (159.05±16.77 mm, n=105) and ribbed 
(153.30±12.31 cm, n=50) harvested mimics was compared. The difference was 
significant (Student’s t=2.160, df 153, p=0.032) and so mimic lengths were 
standardised by expressing all meiofaunal densities on a per 150 mm basis. 
 
The surface area of ribbed mimics was estimated by measuring the dimensions of 
the ribs. The 40 faces of the ribs provided a total circumference of 2x20x1250 µm, 
 248
or 50 mm. The circumference of smooth mimics, diameter 9mm, was 28.28 mm. 
The ratio of the surface area of equal lengths of ribbed compared with smooth 
mimics was therefore 50/28.28, or 1.77. This ratio was used for testing the fourth 
hypothesis, by calculating the Chi-square statistic for the difference between 
observed and expected density of meiofauna on smooth and ribbed mimics. The 
expected proportion (from the ratio of surface area) of the combined total 
abundance was 0.64:0.36 on the ribbed and smooth substrata, respectively. 
  
Meiofauna were removed from pneumatophores as described in Gwyther & 
Fairweather (2002). The meiofauna retained on a 53 µm mesh screen was 
evaporated to glycerol and ecological mounts were prepared for each sample 
(Somerfield & Warwick, 1996).  All taxa were enumerated and nematodes 
identified to genus (and putative species where possible). 
 
8.3.1 Data analysis 
Two samples were missing from the total of 200 collected, because they dried out 
prior to counting. As there were 5 replicate samples collected at all times the mean 
of data in the remaining four replicates was used to replace each of the 2 missing 
cases, and the number of degrees of freedom was reduced by 2 to compensate for 
this adjustment. This preserved the balance of the data for analysis. 
 
Univariate methods 
The effects of the fixed factors Time in bag (four levels); Time in mud (four 
levels), Substrate (smooth mimics, ribbed mimics and living pneumatophores) and 
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Patch type (algal-dominated, barnacle-fouled and unfouled) on abundance of 
nematodes and copepods were tested by ANOVA using SYSTAT version 10. 
Counts were log transformed to normalise the distributions, and this was checked 
by inspection of residuals. Homogeneity of variances was also checked by 
Levene’s test. These analyses were run for appropriate subsets of the total data, 
according to the hypothesis under examination. Two independent sub-sets of data 
were examined to follow the development of assemblages. These were (i) mimics 
implanted on 30/11/00 after 2 weeks conditioning and then periods of 5, 9 and 18 
weeks in the mudflat, and (ii) mimics implanted on 5/01/01 after 7 weeks 
conditioning, that were harvested after a further 4 and 13 weeks in the mudflat 
(Table 8.1). The densities of nematodes and copepods on mimics were compared 
with those on the local living pneumatophores (i.e. in the same patch) at the times 
specified, to determine whether the colonists resembled the closest source of 
meiofauna more than distant assemblages from other patches. 
 
Multivariate methods 
The PRIMER software package (version 5, PRIMER-E) was used for all 
multivariate statistical procedures. Data were standardised and square-root-
transformed prior to construction of Bray-Curtis similarity matrices. Multi-
dimensional scaling routines were run 10 times, and Analyses of Similarity 
(ANOSIM) to test between assemblages were computed from 999 permutations of 
the data. 
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If local supply of propagules from neighbouring pneumatophores within each patch 
was more important than supply from more distant sources, then the colonising 
assemblages within each patch would resemble the patch-specific epiphytic 
meiofauna occurring on living pneumatophores. The resemblance was investigated 
by calculating a similarity matrix for all samples (smooth and ribbed mimics and 
the living pneumatophores) in each patch type. A one-way ANOSIM was then 
applied to the 3 groups of samples in each matrix. 
 
 
8.4 Results 
The meiofauna that colonised smooth and ribbed mimics in the 3 patch types 
throughout the experiment comprised representatives of 6 phyla, and was 
numerically dominated by copepods (Table 8.2). The column totals in Table 8.2 
show that more (but not significantly more) meiofauna colonised mimics implanted 
into the barnacle patch than those in either the algal or unfouled patch, despite the 
negligible natural density of meiofauna on barnacle-fouled (and unfouled) 
pneumatophores compared with that on algal-fouled pneumatophores. Preliminary 
results therefore suggested that propagules were likely to be recruited from beyond 
the immediate patch, at a scale exceeding ten metres. Tests of the three hypotheses 
were made by analysis of relevant subsets of data. 
 
Hypothesis 1. Regional or local dispersal of meiofauna: the similarity of 
assemblages colonising different patches at a scale of 10’s of metres 
Univariate analyses 
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The abundances of the two dominant taxa, nematodes and copepods, were 
investigated after 2 weeks conditioning by 3-way ANOVA in which the factors 
were Time (fixed with 3 levels: 5, 9 and 18 weeks), Patch-type (fixed with 3 levels: 
algal-, barnacle-dominated and unfouled) and Substrate (fixed with 3 levels: 
smooth or ribbed mimics, and natural pneumatophores). Table 3(a) indicates the 
significant effect of all interactions on nematode density, showing that nematode 
abundance varied in a complex way among Patch, Time and Substrate.  
 
In contrast to the nematodes, copepods did not show a significant second order 
interaction between the factors Time, Patch type and Substrate (Table 3b). After a 
2-week conditioning time and 5 weeks in mud, fewer copepods had colonised 
smooth mimics (92±14 per mimic, n = 15) compared with ribbed mimics (221±24 
per mimic, n = 15) which supported a similar density of copepods as on growing 
pneumatophores (243±126 per pneumatophore, n = 15) on the same date 
(abundances measured across all patch types). After 9 weeks the patch type did not 
affect copepod abundance on the smooth and ribbed artificial mimics, but living  
pneumatophores in the algal patch supported significantly more copepods than the 
other patches. After 18 weeks on the mudflat, there was similar abundance on each 
substrate but again, significantly more copepods were found on all 3 substrates in 
the algal patch. The significant interaction between Patch and Time was explained 
by the faster increase of copepod abundance within the algal patch, compared with 
the other 2 patch types, over the 3 times.   
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Table 8.2. The mean abundance (±SE) over all times, of meiofauna per 15 cm 
length of smooth and ribbed mimics, and living pneumatophores. n = 30 for 
smooth mimics and pneumatophores; n = 15 for ribbed mimics. 
 
 
 
 
 
 Algal patch Barnacle patch Unfouled patch 
 Smooth Ribbed Living  Smooth Ribbed Living  Smooth Ribbed Living 
Copepods 58±12 97±30 688±213 114±31 124±30 19±8 28±5 90±29 14±5 
Nematodes <1 6±3 672±560 1±1 25±21 1±1 <1 2±1 <1 
Mites <1 2±1 7±6 3±1 2±1 3±2 <1 <1 1±1 
Polychaetes <1 <1 0 0 0 0 <1 <1 <1 
Kinorhynchs 0 0 6±6 0 0 0 0 0 0 
Turbellarians 0 2±1 2±1 <1 0 0 0 0 0 
Juvenile 
gastropods 
<1 <1 2±1 <1 <1 <1 <1 <1 <1 
Dipteran 
larvae 
<1 11±4 31±6 <1 <1 <1 <1 <1 <1 
Total 
meiofauna 
61±12 118±30 1404±730 119±31 152±32 24±10 30±5 94±30 17±5 
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 In the second subset of data, smooth mimics and living pneumatophores were 
sampled after 7 weeks conditioning followed by either 4 or 13 weeks in the 
mudflat. Nematodes (Table 8.3b) again displayed a significant effect of the 3-way 
interaction. But copepods (Table 8.3b) showed only one significant interaction, 
between Patch and Substrate: in the algal patch, the abundance of copepods on 
mimics was much lower than on pneumatophores, whereas more copepods were 
found upon mimics than pneumatophores in the barnacle and unfouled patches.  
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Table 8.3. ANOVA results showing the effects of Patch-type (P), substrate (S) 
and time (T) on the abundance of nematodes and copepods on living 
pneumatophores. a) mimics after 2 weeks conditioning and 5, 9 or 18 weeks of 
colonisation on the mudflat (n = 135); b) mimics after 7 weeks conditioning and 4 
or 13 weeks on the mudflat (smooth mimics and living pneumatophores only, n = 
60). Dependent variables were log-transformed abundances standardised for 15cm 
length of substrate. Bold values are significant. 
 
a) 
   nematodes  copepods 
Source of 
variation df MS F-ratio P MS F-ratio P 
P 2 2.147 10.577 <0.001 3.832 13.971 <0.001 
S 2 1.477 7.275 0.001 1.407 5.130 0.007 
T 2 1.237 6.092 0.003 5.051 18.416 <0.001 
P* S 4 2.427 11.958 <0.001 5.991 21.842 <0.001 
P*T 4 0.570 2.809 0.029 0.850 3.097 0.019 
S*T 4 2.240 11.035 <0.001 2.394 8.728 <0.001 
P*S*T 4 1.223 6.027 <0.001 0.245 0.895 0.524 NS 
Error 108 0.203   0.274   
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b) 
 
 
 
 
Multivariate analyses 
The development of colonising assemblages (all taxa) was followed for each subset 
of data. Results from one-way analyses of similarity showed that after 2 weeks of 
conditioning and 5 weeks of colonisation on the mudflat, the meiofauna on mimics 
differed significantly among all 3 patches (Table 8.4). After a further 4 weeks, 
however, the meiofaunal assemblages were not distinguishable, but by 18 weeks of 
colonisation, the assemblages on mimics in algal and barnacle patches resembled 
each other, but both differed from the meiofauna on mimics in the unfouled patch. 
   nematodes  copepods 
Source of 
variation df MS F-ratio P MS F-  ratio P 
P 2 5.236 23.267 <0.001 6.065 18.930 <0.001 
S 1 4.631 20.581 <0.001 0.576 1.799 0.186 NS 
T 1 0.986 4.380 0.042 0.004 0.013 0.910 NS 
P* S 2 4.021 17.866 <0.001 5.639 17.599 <0.001 
P*T 2 0.904 4.016 0.024 0.980 3.039 0.056 NS 
S*T 1 4.444 19.750 <0.001 0.978 3.052 0.087 NS 
P*S*T 2 1.532 6.808 0.002 0.684 2.135 0.129 NS 
Error 48 0.225   0.320   
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Table 8.4. ANOSIM results for effects of patch type on meiofaunal assemblages 
after 5, 9 and 18 weeks in mud. Data is from smooth and ribbed mimics combined. 
All mimics had been ‘conditioned’ for 2 weeks prior to implantation in the mudflat 
(see text). n = 30 for all pairwise comparisons, and 999 permutations were run in 
each test. Bold values are significant. 
 
Week 5 Week 9 Week 18 ANOSIM or Pairwise 
Comparison R P R P R P 
 
Global ANOSIM 
 
0.225 
 
0.002 
 
-0.006
 
0.46 NS 
 
0.107 
 
0.015 
Algal vs barnacle 0.233 0.004 -0.014 0.50 NS 0.065 0.117 NS 
Algal vs unfouled 0.236 0.008 0.013 0.35 NS 0.145 0.041 
Barnacle vs unfouled 0.207 0.002 -0.01 0.48 NS 0.142 0.035 
 
 
The taxa contributing most to average dissimilarities among assemblages in the 3 
patch types are listed in Table 8.5. After 5 weeks of colonisation, mites were the 
most discriminatory taxon in pair-wise habitat comparisons that included barnacle 
patches. Dissimilarity between algal and unfouled assemblages on mimics at 5 
weeks was due to the preferences shown by dipteran larvae for algal habitat, and to 
copepods for unfouled habitat. By 18 weeks of colonisation (Table 8.5b) the 
mimics from algal and barnacle biotopes were similar, but each of these differed 
from mimics in the unfouled pneumatophore patch. Nematodes accounted for most 
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of the dissimilarity, favouring unfouled biotope over either of the habitats where 
epibionts occurred. 
 
Comparison of samples from living pneumatophores on the 3 collecting dates (Fig 
8.1) confirmed that meiofaunal assemblages from the algal patch differed from 
those in both the barnacle (R = 0.25, significance level = 0.3%) and unfouled 
patches (R = 0.295, significance 0.2%). However, meiofauna from barnacle and 
unfouled patches gave an R statistic of –0.002, and thus were similar (40.9% 
significance). If recruits originated mainly from local supply, then meiofauna that 
colonised mimics in the algal and barnacle patch should have resembled the natural 
assemblage on pneumatophores within the same patch. ANOSIM results for these 
pair-wise tests (see methods for details) are shown in Table 8.6. In the barnacle 
patch, the assemblage on ribbed mimics was similar to the assemblage of 
meiofauna on the living pneumatophores in that patch. Although the meiofauna of 
smooth and ribbed mimics were similar, there was a significant difference between 
assemblages on smooth mimics and living pneumatophores. In the unfouled patch 
the same relationships were displayed between the three substrata.  
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Table 8.5 SIMPER results of the meiofaunal assemblage on mimics (smooth 
and ribbed combined) conditioned for 2 weeks and implanted for 5 and 18 weeks 
in mud in algal-dominated, barnacle-fouled or unfouled patches of 
pneumatophores. Only comparisons that were significant via ANOSIM (see Table 
8.4) are interpreted here. 
 
a) After 5 weeks 
Algal and barnacle, average dissimilarity = 40.56% 
Discriminating taxon Percent of dissimilarity Cumulative % Favoured habitat
Mites 30.7 30.7 barnacle 
Nematodes 20.4 51.1 barnacle 
Dipteran larvae 20.2 71.2 algal 
Copepods 19.7 90.9 barnacle 
 
Algal and unfouled, average dissimilarity = 39.51% 
Discriminating taxon Percent of dissimilarity Cumulative % Favoured habitat
Dipteran larvae 22.1 21.1 algal 
Copepods  21.1 43.2 unfouled 
Nematodes  19.6 62.8 algal 
Mites 19.5 82.3 unfouled 
Ostracods 13.6 95.9 unfouled 
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Barnacle and unfouled, average dissimilarity = 29.71% 
Discriminating taxon Percent of dissimilarity Cumulative % Favoured habitat
Mites  30.8 30.8 barnacle 
Nematodes  19.4 50.2 barnacle 
Copepods 15.6 65.7 unfouled 
Dipteran larvae 14.0 79.7 barnacle 
Ostracods 13.5 93.2 unfouled 
 
b) After 18 weeks 
 Algal and unfouled, average dissimilarity = 33.58% 
Discriminating 
taxon 
Percent of 
dissimilarity 
Cumulative 
% 
Favoured 
habitat 
Nematodes  21.2 21.2 unfouled  
Juvenile gastropods  18.0 39.2 unfouled 
Dipteran larvae 17.7 56.9 algal 
Copepods 13.8 70.7 algal 
Mites 13.2 83.8 algal 
Polychaetes 10.1 93.9 algal 
 
Barnacle and unfouled, average dissimilarity 27.99% 
Discriminating 
taxon 
Percent of 
dissimilarity 
Cumulative 
% 
Favoured 
habitat 
Nematodes 28.7 28.7 unfouled 
Juvenile gastropods  22.5 51.2 unfouled 
Mites  22.0 73.2 barnacle 
Copepods  17.5 90.7 barnacle 
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There was a different outcome of colonisation in the algal-dominated patch, in 
which all pairwise comparisons between the three substrata gave a significant 
result. This shows that the colonisers of neither smooth nor ribbed mimics were 
similar to the meiofauna on algal-fouled pneumatophores, and the colonists upon 
the two types of mimic pneumatophores were also different from each other.  
 
 
Algal 
patch 
Barnacle 
patch 
Unfouled 
patch 
Stress: 0.09
 
Figure 8.1. MDS ordination plot of the meiofaunal assemblage from living 
pneumatophores in 3 different patch types. Data from three collections in 
November 2000, January 2001 and February 2001; n=45 samples). 
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Table 8.6. ANOSIM results for comparisons between meiofauna assemblages 
on artificial and natural pneumatophores (999 actual permutations). Global Rho 
and its significance in each patch were 0.341, 0.1% (algal); 0.149, 0.5% (barnacle) 
and 0.095, 5.8% (unfouled) respectively. S, R– smooth, ribbed mimics; P– 
pneumatophores.  Significant probablilities are shown in bold 
 
 Algal patch (n=61) Barnacle patch (n=62) Unfouled patch (n=55) 
Groups R 
statistic 
Significance 
level % 
R 
statistic
Significance 
level % 
R 
statistic 
Significance 
level % 
S, R 0.363 0.2 0.056 19.8 -0.031 61.3 
S, P 0.389 0.1 0.234 0.1 0.209 0.9 
R, P 0.125 4.0 0.057 8.5 0.052 9.6 
 
 
Hypothesis 2: the age of the surface biofilm has no effect on meiofauna that 
colonise mimic pneumatophores. 
 Before testing this null hypothesis, it was necessary to establish whether the 
meiofaunal assemblage on mimics changed during the conditioning period in the 
suspended bag, before transferral to the mudflat. The abundances of taxa from 
smooth mimics harvested after 7, 11, and 20 weeks conditioning time were 
analysed by constructing a Bray-Curtis similarity matrix from standardised and 
square-root transformed data. Ordination of the points is shown in Figure 8.2. One-
way ANOSIM of these 15 data points yielded a Global R = 0.39, with a 
significance level 0.7%. The differences were between 7 and 11 weeks (R = 0.54, 
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significance level 0.8%) and 11 and 20 weeks (R = 0.548, significance 3.2%), but 
not between 7 and 20 weeks (R = 0.088, significance 22.2%).  
 
 
 
 
 
 
 
 
 
 
Figure 8 2. MDS ordination plot of the meiofaunal assemblage from smooth 
mimics after 7, 11 and 20 weeks in the conditioning bag (n=15 samples). 
 
The effect of the age of the biofilm on nematodes, prior to implantation in the 
mudflat showed temporal change in the assemblage after 11 weeks. Nematodes on 
mimics after 7 or 11 weeks in the bag were similar (one-way ANOSIM test, R = -
0.106, significance 69.8%, n = 18), but neither of these was similar to the 
assemblage at 20 weeks (R = 0.291, significance 3.6% and R = 0.475, significance 
0.1% for the 7 vs 20 and 11 vs 20 week comparisons, respectively). Nematodes 
were too sparse on sub-groups of implanted mimics between patches to permit 
subsequent tests. 
 
7 
11 
20 
Stress: 0.06
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Comparison was also made between assemblages of meiofauna on smooth mimics 
that were conditioned for different periods of time (2 or 11 weeks), but then 
implanted for a common period into the mudflat (9 weeks). There was no 
significant effect of the two different conditioning times on the coarse-taxonomic 
level assemblage of meiofauna after a further 9 weeks exposure to colonisation on 
the mudflat.  
 
Comparisons between assemblages after 2 plus 9 weeks with those after 11 plus 9 
weeks therefore showed no effect of the conditioning time. However, the 
difference in total times available for colonisation in water and mud, 11 versus 20 
weeks may have affected the outcome, and a further set of comparisons were 
therefore made in which the total time of exposure (in bag plus mudflat) was 20 
weeks. That subset of data comprised mimics after 2 & 18, 7 & 13 and 11 & 9 
weeks of conditioning and on the mudflat, respectively. The aim of these 
comparisons was to discern any trends that could be related to the exposure history 
of the mimics. A two-way crossed ANOSIM of these 71 samples showed no effect 
of time (Global R = -0.139, significance 99.1% across the 3 patch types) but there 
was an effect of habitat across all times (Global R = 0.061, significance 2.5%). 
However, none of the 3 pairwise tests between habitats was significant at the 5% 
level. 
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Hypothesis 3. The effect of surface rugosity on colonisation of mimic 
pneumatophores by meiofauna 
 
Table 8.7. The ratio of total numbers of meiofauna per 15 cm length of ribbed 
and smooth mimics in each patch type. NC –not calculated because of low density 
(<1 individual on one or both substrata). The Chi-square values were calculated 
using an expected value based on the ratio of surface area of the ribbed and smooth 
substrata, 0.64: 0.36. Significant Chi-squared values are shown in bold (Critical 
value of χ2 with 1 df  = 3.84; α = 0.05).  
 
Algal  Barnacle  Unfouled  Patch: 
Ratio: Ribbed/smooth χ2 Ribbed/smooth χ2 Ribbed/smooth χ2 
Total 
meiofauna  
118/ 61=1.93 0.28 152/ 119=1.27 7.36 94/ 30=3.13 7.50
Copepods 97/ 58=1.67 0.14 124/ 114=1.09 14.63 90/ 28=3.21 7.72
Nematodes 6/ <1 NC 25/ 1=25 11.67 2/ <1=>2 NC 
Dipteran 
larvae 
11/ <1 NC <1/<1 NC <1/<1 NC 
 
 
Table 8.7 summarises the density of meiofauna on smooth and ribbed mimics in 
the 3 habitat types and reveals taxon-specific effects in the different habitats. 
Copepod density showed a positive response to ribbed surfaces in the unfouled 
patch, but displayed a negative response to ribbed surfaces in the barnacle patch. 
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No significant effect of rugosity was shown by copepods in the algal patch. For 
nematodes, rugosity enhanced their colonisation in the barnacle patch; their 
numbers were too low on mimics for comparison in other patches. Dipteran larvae 
occurred in significant numbers only in the algal patch, and the ribbed surfaces 
were colonised by significantly more larvae than smooth surfaces. In summary, 
although 2 out of 3 significant taxon responses (nematodes in barnacle patch and 
copepods in the unfouled patch) were positive, 1 was clearly negative: copepods in 
the barnacle patch were significantly less numerous per equivalent surface area of 
ribbed compared with smooth mimics.  
 
Nematodes 
The nematode assemblage collected from smooth and ribbed mimics, and from 
living pneumatophores in all three patches of pneumatophores and in the 
conditioning bag comprised 43 taxa at the level of genera or putative species. A list 
of the nematodes collected during this experiment is given in Table 8.8. Nematodes 
were recorded only from 59 (29.5%) of the total number of units (198) processed 
over all times, and 88.4% (12 489 individuals) of nematodes counted in the 
experiment were collected from living pneumatophores, 6.1% (864 individuals) 
from ribbed mimics and 5.4% (775 individuals) from smooth mimics. The 
assemblages of nematodes on the 3 substrata (59 samples) were compared by 
means of a Bray-Curtis similarity matrix, generated from standardised and square 
root transformed densities. The MDS ordination plot of these samples is shown in 
Figure 8.3a (one outlier caused the plot to converge on one point and was 
removed).  
 266
Table 8.8.  The genera of nematodes collected during the study. A, B, U, B – algal, 
barnacle, unfouled patch, and conditioning bag, respectively. S, R, P – smooth, 
ribbed mimics and pneumatophores.  P = present, - = absent. 
 
Genus Habitat Substrate Genus Habitat Substrate 
 A B U B S R P  A B U B S R P 
Camacolaimus - P - - P - - Leptolaimus P - - - - - - 
Calyptronema P - P P - - P Metachromadora 
remanei 
P P P - P P - 
Chromadora 
macrolaima 
P P - - - P - Metalinhomoeus  P P - - - - - 
Chromadora sp. 1 P - - - - - - Microlaimus P - - - P - - 
Chromadorella - - - P P P - Onchium P - - - - - - 
Chromadorina sp. 1 P P P - - - - Oncholaimus - P - P P P - 
Chromadorina 
germanica 
P P - P - P - Paracanthonchus - P - P P - - 
Chromadorina 
granulopigmentata 
P P - P - P - Paralinhomeous P - - - - - - 
Chromadorina 
nudicapitata 
P P - P - P - Prochromadorella  P - - P P P - 
Chromadorina 
nana 
- - - P - - - Parodontophora - - - P - P - 
Chromadorita - - - P - P - Pontonema - - - P - P - 
Cobbia - - - P - - - Prooncholaimus - - - P P - - 
Cyatholaimus - - - P - - - Sabateria P - - - - - - 
Daptonema sp. 1 - - - P - P - Spilophorella P - - - - P - 
Daptonema P P P P - P - Steineridora - - - P P - - 
Desmoscolex - - P P - - - Symplocostoma - - - P - P - 
Dichromadora P P - P - P - Syringolaimus  P - - - - - - 
Draconema - - - P - - - Thalassomonhystera P P - P P P - 
Enoplus - - - P - - - Theristus P P - - - P P 
Euchromadora - - - P - - - Tripyloides P P - - P P P 
Eurystomina - - - P - P - Viscosia - - - P P P - 
Halalaimus P - - P P - - Totals:     
 43 genera 
 
23 
 
15 
 
5 
 
28 
 
13 
 
21 
 
3 
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The stress value (0.07) shows that the plot in 2 dimensions is a good representation 
of the higher-dimensional data. ANOSIM revealed a Global R value of 0.068 with 
significance level = 0.9%. The pair-wise group comparisons showed that 
nematodes from smooth and ribbed treatments were different (R=0.102, 
significance = 0.2%), but that neither of these groups differed significantly from 
assemblages on the living pneumatophores.  
 
Nematodes distributed between the 4 habitats (algal, barnacle and unfouled patches 
and the conditioning bag) yielded a sample statistic, Global R, of 0.343. The 
significance level of this value was 0.1%, and pair-wise tests showed that the 
nematodes assemblages differed between all pairwise habitat comparisons (all 
significance levels were below 5%) with the exception of nematodes from algal 
and barnacle patches (R=0.056, significance = 8.5%). The ordination plot of 
nematodes in the 4 habitats is shown in Figure 8.3b. 
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Stress: 0.07
 
 
 
 
 
 
 
 
Figure 8.3 MDS ordination plot of nematodes showing the differences between 
a) 3 substrata and b) the 4 habitats during the whole experiment (n=59 samples) 
See text for a priori pairwise comparisons. 
Stress: 0.07
Algal 
patch
Barnacle 
patch 
Unfouled patch
Conditioning bag
a)
b) 
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8.5 Discussion 
The meiofaunal assemblages on living pneumatophores from the 3 patch types 
showed significant differences (Table 8.6), and so the hypotheses concerning local 
or regional supply of colonists were tested by the relationships between 
assemblages on mimics and the living pneumatophores in each patch. The 
hypothesis that local supply of recruits was significant was supported by the data 
from both the barnacle and the unfouled patch, where meiofauna that colonised 
ribbed mimics were similar to the local assemblage on living pneumatophores in 
the same patch. The effect of a ribbed surface was clear in this experiment, because 
the smooth mimics differed significantly from the pneumatophores, although the 
assemblages on both types of mimic were similar.  
 
Comparisons between patches could not be standardised for density of dispersing 
propagules, and it is likely that there were less rafting meiofauna in the barnacle 
and unfouled patches than in the algal patch. However, the results from this study 
imply that local supply influenced assemblage composition in parts of the estuary, 
and the larger-scale hydrodynamic effects of tidal and river currents clearly did not 
override local patchiness. This raises the question of whether small organisms 
operating at very low Reynolds numbers can discriminate between substrata, and 
the mechanism they might use to alight upon a chosen surface. The high density of 
copepods on the algal patch pneumatophores was not retained upon mimics within 
the patch. Their active launching and rafting habits would enable wider dispersal 
during each tidal cycle than most other components of the meiofauna. 
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Changes in the meiofauna upon substrata with time revealed some inconsistencies. 
The assemblage structure on mimics after 5 weeks exposure to colonisation on the 
mudflat was not constant between patches, and mites demonstrated a preference for 
barnacle habitat at this stage. Algal and unfouled assemblages were discriminated 
principally by the greater relative abundance of dipteran larvae within epiphytic 
algae. The same mite/barnacle and dipteran/algal habitat relationships were 
reported by Gwyther (2000).  
 
Patch-specific assemblages were indistinguishable at week 9, but this was a 
temporary state: by 18 weeks of colonisation the re-establishment of patch-specific 
assemblages commenced with the separation among mimics of the unfouled 
pneumatophore patch compared with those in both patches with epibionts. It was 
the colonisation by nematodes that caused this dissimilarity, but the data showed 
that a change in the preferences of nematodes occurred during the experiment. 
Whereas in week 5 the unfouled patch was colonised by fewer nematodes than 
algal or barnacle patches, after 18 weeks nematodes favoured unfouled habitat over 
algal or barnacle patches. Despite the inconsistency of response in comparisons 
including unfouled patches, colonising nematodes favoured barnacle habitat over 
algal habitat at all times. However, phytal preferences of nematodes are probably 
of minor ecological relevance considering the propensity of nematodes for mud, 
the expanse of muddy substratum, and the relatively extremely low density of 
nematodes on pneumatophores (Gwyther 2000).  
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Among the 3 patch types, nematodes achieved highest density on mimics in the 
barnacle patch, although this was where they were least abundant on the living 
pneumatophores (see Table 8.2). The lack of correlation between density of 
colonisers and local standing stock suggests that recruitment was from nematodes 
originating from either within the sediment, or pneumatophores beyond the patch. 
Furthermore, the multivariate analyses of species composition of nematodes from 
the 3 patches indicated similar nematode assemblages in the barnacle patch and 
algal patch, suggesting that there may be interchange of phytal nematodes between 
the patches. A far greater source of nematode recruits may have been from the 
sediment, where nematodes comprise 87% of the meiofauna (Gwyther 2000). Their 
dispersal in the water column has been shown to occur at the study site (Chapter 6), 
and may contribute to the similarity between assemblages on pneumatophores in 
different patches. 
 
Nematodes were poor colonisers compared with copepods. Copepods colonised 
substrates in higher numbers and more quickly, but showed some similar patterns 
to nematodes. For example, copepod density on mimics significantly exceeded the 
local density on living pneumatophores in barnacle and unfouled patches (but not 
in the algal patch) over all times of the experiment. This supports the suggestion 
above for nematodes, and the contention from univariate tests is that both 
colonising copepods and nematodes originated from beyond the immediate source 
of within-patch pneumatophores.  
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Copepods represent only 3.8% of meiofauna in the sediment in the Barwon estuary 
mangroves (n=98 sediment samples, Gwyther, 2000). It is likely that rafting 
behaviour between the discrete but highly populous patches upon algal-fouled  
pneumatophores occurred in the mangroves. Copepods were generally poor 
discriminators on mimics between habitat patches, reaching their highest rank of 
second (to dipteran larvae) in causing dissimilarity between algal and unfouled 
habitat after 5 weeks. Their high level of mobility may explain the apparent lack of 
substrate preference displayed by copepods over the short time-span of this 
experiment.  Dynamic redistribution of the animals during immersion (mostly at 
night for copepods and turbellarians, Armonies 1990) interspersed with frequent 
temporary settling is likely to occur.  
 
Colonisation of estuarine meiofauna onto biofilms aged 2 weeks and 11 weeks 
showed no detectable differences. It was clear that the biofilm layer included 
different meiofaunal assemblages from those in the estuary, as they aged in the 
conditioning bag, but pre-conditioning had no influence on subsequent settlement. 
Selection of a subset of data comprising mimics exposed for equal total periods of 
time further demonstrated that the conditioning history between 7 and 20 weeks 
was not a significant factor in the present experiment. It is possible that the change 
in environment from the conditioning bag to the mudflat might have overshadowed 
any persisting effects of the existing biofilm.  The composition of biofilms on 
mimic pneumatophores from the estuary and the conditioning site were not 
compared, ant it is possible these could have been different. 
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The effects of increased rugosity showed that, for the fractal scales offered in the 
field experiment, the ribbed surface enhanced colonisation of three taxa. The 
response was dependent on the taxon and the immediate habitat. The positive 
responses of dipteran larva, nematodes and copepods were demonstrated only in 
algal-dominated, barnacle-fouled and unfouled patches of pneumatophores, 
respectively. Whereas ribbed surfaces were attractive to copepods in unfouled 
habitat, the effect was reversed in the barnacle patch. Copepods were abundant in 
these trials, and the results clearly emphasise the fine degree of habitat resolution 
displayed by meiofauna (see also Gwyther 2000). Atilla & Fleeger (2000) showed 
that copepods colonised structurally simple surfaces at a slower rate than more 
complex surfaces. Their result could be due to either greater physical retention of 
suspended particles in brush or mesh collectors, or to attractiveness of the complex 
surfaces. In the present experiment it was unlikely that there was any difference in 
capture efficiency of ribbed compared with smooth mimics. 
 
Discrimination between surfaces implies testing and active rejection (perhaps by 
rafting back into the water column) or acceptance. The active launching and 
swimming habits of copepods would seem suitable attributes for this behaviour. A 
negative influence of rugosity was displayed by copepods in the barnacle patch, 
suggesting more frequent rejection of ribbed mimic surfaces compared with 
smooth ones. However, artificial pneumatophores of both types supported more 
copepods in the barnacle patch than the living pneumatophores.  
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Surface complexity may have been favourable, where it was demonstrated, because 
of the direct effect of crevice habitats for greater protection and surface contact, or 
indirect effects caused by a richer microbial consortium. The lack of a 
demonstrable effect on smooth mimics of the age of the biofilm alone, suggests 
that the former suggestion is the more plausible, but the suggestion awaits further 
field and laboratory explorations. The very low numbers of meiofauna that occur 
naturally on unfouled pneumatophores (Gwyther 2000) could be caused by anti-
fouling substances produced by the tree (see also Gwyther & Fairweather, 2002). 
Further studies should consider secondary metabolites as a potential cause of 
heterogeneity among epibionts.  
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Chapter 9 
THE EFFECT OF GRAZING GASTROPODS ON 
MEIOFAUNAL COLONISATION OF HARD SUBSTRATA IN 
A TEMPERATE MANGROVE 
 
9.1 Abstract 
A field experiment was run to assess how grazing affects meiofaunal 
colonisation of mimic pneumatophores in a temperate mangrove. The effects of 
two manipulated factors were tested: mimics (made from wooden dowel rods) 
were either implanted into the sediment, or suspended just above the 
substratum; and in addition were either fitted with an aluminium ‘snail barrier’ 
or left without. The abundance of meiofauna was estimated on the 4 treatments 
after 2, 4, 8 and 16 weeks in situ in the intertidal region. After 16 weeks the 
meiofaunal assemblage was dominated by copepods, and the effect of 
suspension was highly significant on abundance of the epibiotic assemblage. 
Mimics suspended above the sediment, out of reach of snails, were fouled with a 
green algal layer whereas implanted units were not. In contrast, ‘snail barriers’ 
were found to be relatively ineffective in preventing access by the dominant 
herbivorous gastropod Bembicium melanostomum. Univariate tests of a priori 
hypotheses were made by comparisons of selected experimental treatments, and 
showed that meiofaunal assemblages were more abundant on suspended units, 
but meiofaunal diversity (via the Shannon index) was greater on implanted units 
than on suspended units. The colonising meiofaunal assemblage was less 
abundant on implanted mimics than in previous experiments at this study site, 
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and this was attributed to the present experiment being carried out during the 
summer period, when meiofauna on pneumatophores is in decline. 
 
9.2 Introduction 
Studies of the effects of grazing by gastropods on algal assemblages and on 
macro-invertebrates provide ample evidence of their role in structuring intertidal 
communities (see review by Hawkins and Hartnoll, 1983; Anderson and 
Underwood, 1997 and references cited therein). Herbivores manifest their 
structuring effects both directly, by physical disturbance of assemblages, and 
indirectly as a result of reducing algal cover. Anderson (1999) demonstrated the 
importance of indirect effects in a macrofaunal estuarine assemblage in New 
South Wales, Australia. The role of herbivorous grazers on meiofaunal 
assemblages is less well understood, and few experiments specifically designed 
to evaluate interactions between intertidal grazers and meiofaunal assemblages 
are reported in the literature. There is usually a tight coupling of the population 
dynamics of phytal meiofauna to seasonal variation of their algal habitat 
(Jensen, 1984; Hicks, 1986; Danovaro and Gambi, 2002). A strongly seasonal 
effect of the Ulva cycle on sediment meiofauna  (particularly nematodes), and a 
reciprocal effect of the meiofauna on decomposition of Ulva was reported by 
Villano and Warwick (1995). Whereas trophic links implicate a direct effect of 
algae on meiofauna, other interactions may also occur.  A recent experiment in a 
cool temperate mangrove system (Gwyther and Fairweather, 2002) showed that 
the abundance of meiofauna on the pneumatophores (emergent aerial roots) of 
the mangrove Avicennia marina fluctuated with the amount of cover of 
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epiphytic algae,  suggesting significant indirect effects of grazers upon 
meiofauna. 
 
A study by Warwick et al. (1986) of the impact of a macrobenthic, tube-
dwelling polychaete Streblosoma bairdi found enhanced abundance of 
meiofauna close to the tubes. This effect was attributed to improved flux 
conditions and the mucus secreted by the worm. A little further from the tubes, 
but within the grazing area of the polychaete, the meiofauna was impoverished 
through mechanical disturbance and perhaps trophic consumption. Meiofauna 
are therefore potentially influenced by the grazers themselves and also by 
modification of both the amount and composition of algal habitat. In view of the 
respective size difference between macrofaunal grazers and meiofauna, it may 
be expected that the direct effect of disturbance would be relatively greater on 
meiofaunal than macrofaunal assemblages. 
 
Ecological experiments have revealed some important insights into meiofaunal 
dispersal rate (Commito and Tita, 2002), the source of propagules (Chandler and 
Fleeger, 1983; Fegley, 1988) and the rate of colonisation (Gwyther and 
Fairweather, 2002). Post-colonisation processes have been largely neglected in 
meiofaunal ecology compared with studies of the post-settlement phase of 
macro-benthic invertebrates. The term ‘post-colonisation’ is used here with 
reference to meiofauna in preference to ‘post-settlement’ because it is a process 
that may be repeated for an individual animal, and does not follow 
metamorphosis. The concept of ‘recruitment’ in the context of both macro-
invertebrates and meiofauna is similar, because it implies the net contribution of 
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arrivals and deaths (or departures) to a species’ population and is therefore 
applicable to all organisms irrespective of their size or mode of colonisation. 
 
Disturbance of epibiotic meiofauna by gastropods grazing upon 
pneumatophores could result directly from bull-dozing effects or mucous trails 
(e.g. Warwick et al., 1986), or indirectly by reduction of algal cover (Gwyther 
and Fairweather, 2002). Once deprived of the protective environment of 
epiphytic algae, the surface of a pneumatophore is more exposed to sun, wind, 
currents and rain and so offers less topographic complexity at the scale of a 
meiofaunal organism. Such disturbance may represent an important influence 
upon the dynamics of the meiofaunal assemblage.  
 
In the mangroves of the Barwon River, southern Victoria, Australia, the 
prosobranch gastropod Bembicium melanostomum (Gmelin) grazes upon the 
sediment surface, pneumatophores and trunks of the only mangrove species 
present, Avicennia marina (Forskål Vierhapper). B. melanostomum has an 
average abundance in the mangrove zone of 70-130 individuals per m2 and a 
mean shell width of 9.5 mm (Cranston, 2000). The snail is widespread 
throughout the intertidal zone. The present field experiment aimed to investigate 
a) whether the abundance or composition of meiofaunal assemblages on hard 
substrata, represented by mimic pneumatophores, was significantly different on 
surfaces grazed versus ungrazed by these gastropods and b) the relative 
importance of direct and indirect effects of the grazers. 
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9.3 Methods 
9.3.1 Study site 
The study site was situated within the intertidal area along the eastern bank of 
the Barwon River estuary on the Victorian coast of southern Australia (38°17’S; 
144°30’E). The maximum tidal amplitude along this coast is 1.8 metres, and the 
study site was immersed to a depth of approximately 1 metre at the seaward 
edge at high tide (further details of the study site are given in Gwyther, 2000). 
The experimental structures were fixed into the sediment in the unshaded region 
of the mudflat, i.e. seaward of the canopy-shaded mud, amidst growing 
pneumatophores of Avicennia marina. 
 
9.3.2 Apparatus 
Mimic pneumatophores (‘units’) made from 30 cm and 15 cm lengths of 9 mm 
diameter Victorian ash hardwood dowel rods were used as the experimental 
substrata. A previous colonisation experiment in the Barwon River mangroves 
(Gwyther and Fairweather, 2002) confirmed two advantages of using dowel 
rods: they were colonised by assemblages similar to those on natural 
pneumatophores, and they provided an easily standardised surface area that can 
be further manipulated.  
 
In the present experiment, mimic pneumatophores were suspended from frames 
fixed in the mud flat. Three supporting frames were constructed from 50 cm 
lengths of 15 mm diameter PVC pipe. The sides were drilled at 5 cm intervals 
and the frame was cross-threaded with 20lb breaking strain monofilament nylon 
fishing line, creating a grid of 8 x 8 lines with 64 intersection points. A single 
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unit (i.e. a mimic pneumatophore made from dowel rod) was suspended from 32 
evenly spaced intersection points of the grid by threading a plastic zip band 
through an eyelet screwed into the top of the unit. The purpose of using nylon 
line was to prevent grazing gastropods from traversing the grid and descending 
a ‘no-grazing’ unit from above. 
 
 
 
 
 
 
 
 
 
 
 
Figure 9.1. Diagrammatic representation of the four grazing treatments. T1 = 
implanted unit, no snail barrier, T2 = implanted unit, snail barrier, T3 = 
suspended unit, no barrier, T4 = suspended unit with barrier, u = unit, b = snail 
barrier, w = weight, e = eyelet. Scissors indicate the position where units were 
clipped off. 
 
Four treatments (see Fig. 9.1) were used to assess the effect of grazing and these 
were positioned within the grid using random number tables. A total of four 
units of each treatment were to be harvested from each frame, so a total of eight 
15cm
 T1  T2   T3 T4
Treatment 
3cm 
Sediment 
surface 
u 
b w 
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was included to provide spares in case of loss.  In the first treatment (T1), 30 
cm-long units were hung from the nylon-line grid and implanted to a depth of 
10 cm into the sediment, so that grazing animals could ascend the unit from the 
sediment. Meiofauna would be subjected to direct disturbance from grazers on 
this treatment, and thus to indirect effects of reduced algal cover.  
 
Treatment 2 (T2) comprised similar units fixed into the sediment, but a snail 
barrier was attached around the base. This barrier was made from an inverted 
aluminium pie dish, diameter 7 cm and height 2 cm, threaded onto the unit and 
secured by means of a few drops of cyanoacrylate glue and a rubber band to 
prevent the dish from falling down the dowel rod. Units of this treatment were 
suspended from each frame and implanted into the sediment so that the ‘snail 
barrier’ was positioned 3 cm above the sediment surface. Meiofauna on T2 
could therefore be potentially affected by the presence of a barrier resulting in 
the absence of snails.  
 
In Treatment 3, 16 cm-long units were suspended from each frame so that the 
lower tip was 4cm above the sediment. A lead weight, with a hole drilled 
through the middle was hung from a second eyelet screw attached to the base, in 
order to maintain the unit in an upright position when submerged in water at 
high tide. Grazers were excluded from this treatment because the suspended and 
weighted units were 3 cm clear of the sediment. Meiofauna on T3 could thus 
have been affected by suspension, but not by snails.  
 
  285
Treatment 4 consisted of short (16 cm) units fitted with a lead weight, and also 
bearing a snail barrier. This was designed to test for the combined indirect 
effects of suspension and snail barriers. Figure 9.1 represents the 4 treatments 
and shows that a standard length of 15 cm was removed from each unit at the 
time of sampling.  
 
Combinations of suspended/implanted units and those with or without snail 
barriers were deployed so that each frame supported 8 units of each type in a 
randomised array. Corner posts were placed in 3 plots 5 m apart alongshore in 
the intertidal mudflat, amidst growing pneumatophores along the seaward side 
of the mangrove trees. Each plot measured 70 x 70 cm so that a 10 cm buffer 
zone surrounded each frame. The density of growing pneumatophores in the 
area was 100-150 per sq m (Gwyther, 2000). To avoid artificially increasing the 
density of emergent structures, and hence altering the scale of turbulent eddies 
(Ackerman and Okubo, 1993) natural pneumatophores in each plot were clipped 
off just below the sediment surface before the 3 frames were attached to the 
posts. Twelve units (3 replicates of each treatment, i.e. one per plot) were 
harvested after 1 week (late spring), 4 weeks (early summer), 8 weeks (mid 
summer) and 16 weeks (early autumn). The experiment started on November 
17th 1998 and ended on March 10th 1999. 
 
9.3.3 Sampling procedure 
Three replicate samples of each treatment were harvested from each frame on 
weeks 1, 4, 8 and 16 by cutting the plastic tie.  The top 15 cm of each unit was 
removed (i.e. to the level of snail barriers in Treatments 2 & 4, see Fig. 9.1), and 
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each one was placed in a separate plastic bag. Samples were processed by 
shaking and decanting, as described by Gwyther and Fairweather (2002); the 
collected meiofauna was collected onto a 53 μm mesh, transferred to a Bogorov 
counting tray and enumerated at x 20 magnification. Nematodes were picked 
out with a finely hooked needle and examined on slides at higher magnification 
(up to x 400). Nematode identification to putative species and/or genus was 
made using descriptions by Platt and Warwick (1983, 1988) and Warwick et al., 
(1998). 
 
9.3.4 Statistical analysis 
The experimental design consisted of 3 replicates (= plots) x 2 crossed grazing 
factors (+/-‘Suspension’ and +/-‘Barrier’, both fixed factors) x 4 times (‘Week’, 
fixed factor). ‘Week’ was regarded as fixed because of the strongly seasonal 
growth of algae in this area (Gwyther and Fairweather, 2002) that would make 
repetition of the experiment at other times of the year likely to yield a different 
result. The weeks specified in the experiment therefore represent specific 
seasonal times of the year as well as time intervals.  All treatments were 
crossed, and the orthogonal design comprised 48 samples (2 Suspension x 2 
Barrier x 4 times x 3 replicates).  
 
Univariate analyses were performed using SPSS version 11 and SYSTAT 10. A 
3-factor ANOVA was used to test the factors ‘Suspension’ (2 levels), ‘Barrier’ 
(2 levels) and ‘Week’ (4 levels). Cochran’s test was used to test for 
homogeneity of variances (Underwood, 1997) and abundances of meiofauna 
were log10 transformed to meet the assumptions of ANOVA. The hypothesis-
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testing routine in SYSTAT was used to test a priori hypotheses about selected 
pairwise comparisons. This method provides greater power than omnibus post 
hoc tests (Day and Quinn, 1989) by lowering the number of comparisons to be 
made, and thus reducing the rate of Type 1 errors per experiment. Pairwise 
comparisons of the various grazing treatment combinations generated the tests 
of specific a priori hypotheses listed in Table 9.1. Comparison, for example, of 
Treatment 4 (suspended unit with barrier) with Treatment 1 (implanted, no 
barrier) tests for the combined effects of three conditions: the presence of snails, 
barriers and suspension. However, Treatments 1 and 2 test for the effects of 
snails and a barrier, conditions that are a sub-set of the previous combination 
(T4 versus T1). From Table 9.1, the combination of T2 versus T4 also tests the 
effect of suspension. Similarly, T1 versus T3 is a surrogate of T4 versus T1 and 
isolates the effect of the barrier. Systematic analyses of these pairwise 
comparisons provided the basis for interpreting the experimental results. 
 
Table 9.1 Pairwise comparisons used for tests of a priori hypotheses for the 
4 grazing treatments (see Fig. 9.1 for description of Treatments).  
Test Treatments 
compared 
Information tested = effect of: 
a) 
b) 
c) 
d) 
e) 
f) 
 
4 vs 3 
2 vs 1 
2 vs 3 
1 vs 3 
4 vs 1 
2 vs 4 
 
barrier in absence of grazing (i.e. suspended) 
grazing + barrier  
barrier + suspension 
grazing + suspension 
grazing + barrier + suspension 
suspension but not grazing (i.e. barrier present) 
  288
 
PRIMER software (PRIMER-e limited) was used for all multivariate tests. The 
DIVERSE routine was used to generate the Shannon index in order to compare 
the diversity of assemblage on the 4 treatments.  Calculation of a diversity index 
was included because it permits formal statistical treatment by ANOVA 
(provided the index is normally distributed and variances across groups are 
homogeneous) and it has been widely used in meiobenthology (e.g. Jarvis and 
Seed, 1996; Gee and Somerfield, 1997; Hull, 1999). Cumulative dominance 
curves were plotted, also using PRIMER, to compare relative patterns of 
abundance of the taxa among treatments. Assemblage composition of meiofauna 
from the four treatments was compared by constructing Bray-Curtis similarity 
matrices from square-root transformed data. Ten random starts were run for all 
MDS ordinations, and the treatments compared with one-way ANOSIM tests, 
using 999 randomisations. The SIMPER module of PRIMER was used to 
compute the percentage contribution of taxa to the overall dissimilarity between 
assemblages on pairs of the 4 treatments. 
 
9.4 Results  
After 1 week the frames had trapped a quantity of seagrass debris that was 
subsequently removed, but all units and barriers remained in place. No 
gastropods were found on any of the units when assessed at low tide, although 
two B. melanostomum were sheltering underneath the snail barrier at the base of 
one implanted unit. The only meiofauna collected after 1 week from the 12 
sampled units were a total of 7 rhombognathine mites (Isobactrus sp.) from 
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three units. The total numbers of the main taxa built up over the ensuing 2 
months, and Table 9.2a shows the numbers collected from each treatment at the 
 
final sampling time (i.e. after 16 weeks). The average abundance over 16 weeks 
is given for each taxon in Table 9.2b. B. melanostomum was the only species of 
snail seen to graze the units. Juvenile gastropods on collected units were mostly 
identifiable as Bembicium sp., but there were a few newly metamorphosed 
individuals that could not be identified.  
 
 
 
 
 
Table 9.2 (over page). The total abundance of each taxon on all treatments, and 
totals (in bold) and mean abundance (mean number per unit ± one standard 
deviation) for each Treatment separately a) after 16 weeks in situ, (n = 3 per 
treatment). b) averaged over the 4 sampling times (n = 12 per treatment). 
Surface area of all units was 42 sq cm. Dipteran larvae were absent in week 16. 
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                          a)                                       Treatment  b)                                      Treatment 
   
total 
 
 1 
 
 2 
 
 3 
  
4 
 
 
 
total 
 
 1 
 
 2 
 
 3 
  
4 
 
Copepods 
 
 
 
 
 
1423 
 
12 
(4±4) 
 
13 
(4±3)  
 
542 
(180±148) 
 
852 
(285±277) 
 
 
 
 
1618 
 
 
17 
(2±3) 
 
13 
(1±2)  
  
614 
(51±102)  
 
974 
(81±172) 
 
Mites 
 
 
 
 
 
107 
 
 
14 
(5±2) 
 
22 
(7±6) 
 
33 
(11±5) 
 
38 
(13±8) 
 
 
 
 
161 
 
 
24 
(2±2) 
 
26 
(2±4) 
 
48 
(4±5) 
 
63 
(5±7) 
 
Nematodes
 
 
 
 
 
1 
 
 
0 
0 
 
1 
(<1) 
 
0 
0 
 
0 
0 
 
 
 
 
18 
 
4 
(<1) 
 
1 
(<1) 
 
9 
(<1) 
 
4 
(0±1) 
Juvenile 
gastropods 
 
 
 
 
11 
 
2 
(<1) 
 
6 
(2±3) 
 
0 
0 
 
3 
(<1) 
 
 
 
 
12 
 
2 
(<1) 
 
7 
(<1) 
 
0 
0 
 
3 
(<1) 
Juvenile 
barnacles 
 
 12 
5 
(2±2) 
2 
(<1) 
0 
0 
5 
(2±2) 
 
 
 
16 
 
5 
(<1) 
 
6 
(<1) 
 
0 
0 
 
5 
(<1) 
Dipteran 
larvae  0 0 0 0 0  
 
3 
 
0 
0 
 
0 
0 
 
0 
0 
 
3 
(<1) 
 
Total of all 
taxa 
 
 
 
 
1554 
 
 
33 
(11±1) 
 
44 
(15±10) 
 
575 
(191±153) 
 
902 
(301±283) 
 
 
 
 
1828 
 
52 
(4±5) 
 
53 
(4±8) 
 
671 
(56±106) 
 
1052 
(88±177) 
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By the fourth week of the experiment between 1 and 3 individuals of B. 
melanostomum were present on 27 of the remaining 42 units that were 
implanted into the mud (Treatments 1 & 2). No gastropod was found upon 
suspended units, indicating that they were unable to traverse the nylon grid. 
Provided the pie-dish barriers remained in place, they prevented single snails 
from climbing around the lip and up the units; however, there were clusters of 
B. melanostomum gathered underneath most barriers. On one unit (belonging to 
Treatment 2), the barrier had been dislodged (presumably by the weight of 
snails) and had partially fallen onto the sediment: six snails were recorded 
actively grazing from above the barrier on this unit, which was then removed 
from the trial. Evidence of grazing was visible on several other implanted units 
with barriers, and it became clear that B. melanostomum was able to straddle the 
rim of the barrier once a number of individuals had taken refuge beneath.  
 
By the final sampling period at week 16, the suspended units were bright green 
and covered mainly by Ulva sp., Enteromorpha spp. and small amounts of 
Cladophora sp., Bostrychia sp. and Caloglossa leprieurii. Detritus was mixed in 
with these ephemeral algae. Implanted units with and without barriers were 
sparsely fouled, none was bright green, and the tracks made from radulae of 
snails were conspicuous amongst the detritus coating the surface.  
 
One of the frames was missing on the week-8 collection, and a second had 
disappeared between weeks 8 and 16. Thus the extra units attached to all frames 
before the experiment commenced were harvested to maintain a balanced 
design.   
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Figure 9.2. The number of individuals from the four grazing treatments 
during 16 weeks.  Copepods, mites,       nematodes,         juvenile 
gastropods.  
(1), (2), (3), (4) represent Treatments 1-4. Note the different Y-axis scale for 
each graph. Bars represent standard errors. 
 
9.4.1 Meiofauna on experimental units 
The abundance of meiofauna on units during the experiment is shown in Figure 
9.2 for each of the 4 treatments. The most numerous taxon was the harpacticoid 
copepods (henceforth ‘copepods’), which reached a maximum density of 605 
individuals on a single unit belonging to Treatment 4 collected in week 16. The 
second most abundant taxon was the halacarid mites; these reached their highest 
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density of 21 individuals on the same unit as the copepods. Less common taxa 
are enumerated in Table 9.2, and included nematodes, juvenile gastropods, 
juvenile barnacles, and dipteran larvae (but no dipteran larvae were recorded in 
week 16). The increase in meiofaunal numbers with time was evident on all 
treatments (Figs. 9.2, 9.3) and implied greater recruitment than loss of animals 
at successive sampling times. At the end of the trial in week 16, abundances on 
the 4 treatments were compared by two-way ANOVA (factors Suspend and 
Barrier), revealing a significant effect of Suspend (F-ratio = 28.474 with 1,8 df; 
P = 0.001). The barriers made no difference at this stage of the experiment and 
the interaction of the 2 factors was insignificant. 
 
The number of copepods that colonised suspended units (Fig 9.2c,d) greatly 
exceeded their numbers on both implanted treatments (Table 9.2). A 3-factor 
ANOVA showed significant effects of the interaction between Suspension and 
Week (Table 9.3a). The effect of time on colonisation of copepods was 
therefore not consistent across implanted and suspended units. The abundance 
on implanted units without barriers (Treatment 1) of each of the four dominant 
taxa was less than 10 individuals per unit even at the final sampling time (16 
weeks).  
 
Mites were found in low numbers on units in the trial (Table 9.2), but a 3-factor 
ANOVA showed that Week and Suspension were both significant factors in 
mite abundance, although their interaction was not (Table 9.3b). A total of just 
nine juvenile gastropods was recorded from implanted mimics (2 and 7 
individuals from Treatments 1 and 2, respectively). The relative inaccessibility 
of the suspended mimics to juvenile gastropods was demonstrated by the raw 
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data, as only 2 units (both Treatment 4, after 16 weeks) were recorded with 1 
and 2 juvenile gastropods upon them, respectively. No juvenile gastropod was 
found on suspended units without snail barriers (Treatment 3). Nematodes were 
very sparse upon units in this trial, with a total of only 18 specimens comprising 
3 genera (Chromadorina, Syringolaimus and Neochromadora).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9.3. The mean abundance and standard error of meiofauna, all taxa 
combined, over time on each grazing treatment (n =3 for all points). 
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Table 9.3. 3-factor ANOVA of the effects Barrier (2 levels, fixed factor), 
Suspension (2 levels, fixed) and Weeks (4 levels, fixed) on a) copepod and b) 
mite abundance (both log transformed). Probability for main effects and 
interactions shown in bold type are significant at α = 0.05. 
 
  a) copepods b) mites 
Source  df Mean 
Squares 
F-ratio P Mean 
Squares
F-ratio P 
Barrier 1 0.032 0.426 0.519 0.003 0.049 0.827 
Suspension 1 6.040 79.477 <0.001 0.699 11.077 0.002 
Week 3 5.509 72.492 <0.001 1.344 21.302 <0.001 
B*S 1 0.215 2.827 0.102 0.087 1.386 0.248 
B*W 3 0.016 0.216 0.884 
 
0.029 0.464 0.709 
S*W 3 1.964 25.840 <0.001 0.163 2.590 0.070 
B*S*W 3 0.111 1.457 0.245 0.128 2.025 0.130 
Error 32 0.076   0.063   
 
9.4.2 A priori comparisons of treatments. 
Tests of a priori hypotheses were made in order to refine the results of the 3-
factor ANOVA. In the absence of snails, the effect of a snail barrier on all 
measures tested was insignificant (H0: Treatment 4=Treatment 3; Table 9.4a). 
Furthermore, no difference was found between units of Treatment 1 and 2 
(Table 9.4b) indicating no effect of the barrier on abundance of copepods or 
mites upon units grazed by snails, but there was an effect on H’. Pairwise 
comparison of Treatments 2 and 3 (Table 9.4c) showed highly significant 
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Table 9.4. Results of a priori hypothesis tests constructed for specific pairwise comparisons.  The MS error term from the complete 3-factor 
ANOVA model was used in hypothesis testing; 1,32 degrees of freedom for each comparison. i) Copepod abundance ii) Mite abundance iii) 
Shannon diversity Index. Probablities shown in bold are significant at α = 0.05. G, B, S – Grazing, Barier, Suspension; C, M – copepods, mites  
 
i) Copepod abundance 
 
 
ii) Mite abundance 
 
 
iii) Meiofaunal diversity 
     (H’) 
 
 
CONCLUSION 
 
Test 
 
Null Hypothesis 
 
MS 
 
F-ratio 
 
P 
 
MS 
 
F-ratio 
 
P 
 
MS 
 
F-ratio 
 
P 
 
a) T 4 = T 3 0.207 2.724 0.109 0.029
 
0.457 0.504 0.003 0.124 0.727 No barrier artefacts per se 
b) T 1 = T 2 0.040 0.529 0.472 0.062 0.977 0.330 0.355 13.599 0.001 G/B: H’ affected only 
c) T 2 = T 3 2.594 34.132 <0.001 0.397 6.298 0.017 0.027 1.036 0.316 B/S: C, M affected only 
d) T 1 = T 3 1.988 26.163 <0.001 0.146 2.314 0.138 0.186 7.127 0.012 G/S: C, H’ affected only 
e) T 4 = T 1 3.487 45.770 <0.001 0.305 4.828 0.035 0.140 5.372 0.027 G/B/S: all affected 
f)  T 2 = T 4 4.266 56.141 <0.001 0.640 10.150 0.003 0.049 1.877 0.180 Suspension affects C, M 
only 
 Error 0.076   0.063   0.026    
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effects of a barrier plus suspension, on copepod and mite abundances. A 
significant effect from snails plus suspension was detected for copepods and H’, 
but not mites, by comparing Treatment 3 with Treatment 1 (Table 9.4d). In the 
presence of snails, suspension of units had a negligible effect on mites. This was 
further supported by comparison of Treatment 4 with Treatment 1 (Table 9.4e) 
with significant results for all three measures. The remaining comparison, 
between Treatments 2 and 4 (Table 9.4f) tested the effect of suspension in the 
absence of snails and was found to be highly significant for copepods and mites 
only. To summarise, suspension appears to drive these results because barriers 
and grazing have no or few effects here. 
 
9.4.3 Assemblage structure of meiofauna on experimental units 
There were three significant pairwise comparisons of the Shannon diversity 
index among treatments (see Table 9.4(iii)). There was higher diversity of the 
meiofauna on units with barriers where snails were present. Comparison of 
Treatments 1 and 3 revealed that suspended units displayed higher diversity than 
implanted units available to snails, but the interaction between Week and 
Suspension arose because only in the week 16 results was diversity less on 
implanted than on suspended units. The additional effect of a barrier on 
diversity (comparison of Treatments 4 and 1, Table 4(e) did not change the 
outcome.  
 
The Shannon diversity index of meiofauna collected from units averaged 
throughout the trial was significantly higher on implanted units (H’ = 0.895 ± 
0.226, n = 8 and  0.817 ± 0.237, n = 8 for T1, T2 respectively) than suspended 
units (H’ = 0.543 ± 0.329, n = 10 and 0.505 ± 0.229, n = 9 for T3, T4 
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respectively); (Student’s t = -3.339; 20 df; P = 0.003) despite the higher  
abundance of animals on the latter. However, when the 4 values were compared 
by ANOVA there was only a marginal difference amongst the means of the 
Shannon indices (F-ratio = 3.219; 3, 8 df; P = 0.047); Tukey’s post hoc tests 
could identify no significant differences among the four treatments.  
 
Graphical representation of the patterns of relative taxon abundance is shown in 
Fig. 9.4. This species ranked abundance curve clearly separates the implanted 
from the suspended treatments. The curve for the two suspended treatments is 
elevated, indicating lower evenness compared with implanted treatments. 
 
 
 
 
 
 
 
 
 
 
 
Figure 9.4. Cumulative rank abundance curves of meiofaunal taxa from the 
four grazing treatments after 16 weeks. T1 – T4 represent Treatments 1 to 4 (for 
details see Fig. 1) 
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A multidimensional scaling ordination of the abundance and composition of 
meiofauna throughout the experiment (from 37 nonzero samples, square root 
transformed) was used to examine the experimental hypotheses. The 4 
treatments could not be separated when tested with a one way ANOSIM-test 
with 4 levels (Global R=0.041, significance level 17.1%). In this test 999 
randomisations were run for all comparisons. The hypotheses concerning the 
effects of Barrier and Suspend were tested by separate one-way ANOSIM 
analyses. In agreement with results from univariate analyses, barriers had no 
significant effect on the meiofauna assemblage (Global R = -0.006, significance 
level 47.9%). The assemblage difference between suspended and implanted 
units was, by contrast, very clear (one-way ANOSIM, Global R= 0.106, 
significance level 2.1%; Fig. 9.5). Copepods and mites accounted for 53.4% and 
20.6% respectively of the dissimilarity (66.2%) between implanted and 
suspended units (as determined by the SIMPER module of PRIMER) 
 
9.5 Discussion 
Suspension of experimental units was shown in this experiment to have a 
significant and positive effect on abundance of meiofauna upon a mimic 
pneumatophore. The indirect effect of suspension was to allow increased 
recruitment of the assemblage of meiofauna onto the experimental units not 
exposed to benthic grazers.  Since the treatments were not designed to deter 
grazers in the water column, it was assumed that the effects of fish and other 
pelagic fauna were similar over all the experimental units, and thus did not 
confound the results. However, it is possible that feeding behaviour of pelagic 
organisms was affected by the degree of algal-fouling upon surfaces in the trial. 
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Figure 9.5. Multi-dimensional scaling ordination, all times included (n = 37 
non-zero samples, some points are obscured by overlapping). Separation of 
suspended from implanted units was significant (one-way ANOSIM, Global R= 
0.106, significance level 2.1%). No significant differences were shown for 
Week or Barrier.  
 
 
Meiofaunal taxa were affected to different degrees by the experimental 
treatments although no taxon was found to be more abundant in the presence of 
grazers. The latter finding is in contrast to the positive indirect effects of grazers 
on some macrofaunal animals (oysters and spirorbids) found by Anderson and 
Underwood (1997). Multivariate tests showed valid separation of the 
assemblages of meiofauna from suspended or implanted units. The conclusion 
from a priori tests was that copepod abundance on units was enhanced by 
suspension of units above the bottom. Snail barriers were found to have 
negligible effect on copepods irrespective of whether snails were present. The 
failure of barriers to prevent snail access to some of the units unfortunately 
 
T1
T2
T3
T4
Stress: 0.08 
  301
limited the power of the experiment to distinguish the direct effects of snails per 
se on implanted units with and without barriers. 
 
Although mites (Isobactrus sp.) were found in only low numbers during the 
present experiment, they did account for 20.6% of the overall difference 
between implanted and suspended units. This species is an algivorous mite 
(Bartsch, 1979), only recently recorded from south-eastern Australia (Bartsch 
and Gwyther, submitted) and it was more abundant on suspended than 
implanted units by the end of the experiment. This mite is unable to swim, but 
must have colonised suspended surfaces from the water column. Presumably the 
3 juvenile gastropods collected from Treatment 4 units were also passively 
transported in the water current to the suspended unit. This tychopelagic 
behaviour would also account for the infrequent (but nonetheless present) 
nematodes, of which 72% of the total number was collected from suspended 
units.  The 3 nematode genera recorded were epigrowth grazers but their low 
numbers (total of 18) did not merit statistical testing.  
 
Harpacticoid copepods were by far the most numerous group in the present 
experiment, and they displayed a significant and negative response to benthic 
grazers on the mimic pneumatophores. This effect of algal grazers on 
harpacticoids was similar to the effect reported by Anderson and Underwood 
(1997). Harpacticoids are benthic copepods but are well known to undergo both 
passive and active dispersal in water currents (e.g. Chandler and Fleeger, 1983; 
Service and Bell, 1987; Palmer, 1988). In the present experiment copepods in  
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the water column would be equally likely to contact any of the experimental 
units, and they then colonised the surfaces for an unknown period of time.  
 
The large differences in the copepod density between grazed and ungrazed 
surfaces could have resulted either directly from bull-dozing disturbance, or 
indirectly because of less frequent and/or less sustained colonisation of surfaces 
also available to gastropods. The mucous trails secreted by moving snails may 
have caused a deterrent effect, perhaps interfering with appendage and/or setal 
movements upon which the feeding and respiratory currents of copepods depend 
(e.g. Koehl and Strickler, 1981). No reports of the responses of meiofauna to 
gastropod mucous have been reported but Peachey and Bell (1997) identified a 
positive effect on copepods from the presence of mucous tubes produced by 
amphipods, polychaetes and harpacticoid copepods on seagrass blades. 
Danovaro and Fraschetti (2002) reported no effect of a temporary coating of 
algal mucilage on meiofauna living on a cliff face, although copepods and 
nauplii reached their highest densities whilst mucilage was present. The trophic 
value of mucilage to copepods dwelling on marine snow was reported by 
Shanks and Walters (1997).  Further experiments are needed to clarify response 
to plant and animal secretions, including gastropod mucus, as factors that may 
structure meiofaunal assemblages. 
 
Differences in the assemblage structure were clearly revealed by cumulative 
dominance plots of the taxa. These plots showed a negligible effect of snail 
barriers, but implanted units were separated from suspended units until the 4 
curves all reached a similar asymptote at 6-7 taxa. Suspended units were 
dominated by copepods throughout the trial. This graphical method of 
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distinguishing assemblages was more informative for these data (because 
relative dominance as well as species richness was visualised) than univariate 
comparison of their respective Shannon indices, in which patterns of species 
abundance are reduced to a single summary statistic (Clarke and Warwick, 
1994). 
 
There were slightly higher abundances of copepods collected from suspended 
units bearing snail barriers compared with those suspended units without 
barriers. However, these data were rather variable, and no significant difference 
was detected. Juvenile gastropods were occasionally observed on the suspended 
units with barriers, whereas none was present on suspended units without 
barriers. These observations could be important if the presence of the barriers 
actually facilitated colonisation by drifting or rafting animals. Physical 
structures above the sediment surface cause frictional drag on water moving 
over them, tending to slow the current down. The edge-effect of seagrass beds 
for example, wherein highest settlement of pelagic larvae is recorded where the 
water decelerates over the leading edge of the seagrass bed, has been modelled 
by Eckman (1983). The wing-like profile of an inverted pie-dish around a mimic 
pneumatophore may function as a smooth-acting brake, allowing suspended 
particles to settle from a laminar flow pattern onto and around the structure. The 
level of settling-enhancement would be greatest for heavier particles of small 
Reynold’s number whose critical mass is near the threshold for continued 
suspension in the water current. However, the effect was not shown by 
implanted units, for which the presence of a barrier did not enhance meiofaunal 
numbers. Moreover, there was no significant effect on the diversity of 
assemblages for those mimics with barriers compared to those without. The 
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lower position of the barrier on implanted units (see Fig. 9.1) may have caused a 
somewhat different flow regime over the barrier surface. Further laboratory tests 
are needed to investigate these possibilities. 
 
The apparatus constructed to exclude grazing gastropods in this experiment had 
some advantages over caging methods. Suspension of the experimental units a 
few centimetres above the sediment from a grid of nylon monofilament avoided 
the need for periodic interruptions for scrubbing cages free of fouling organisms 
and detritus. The rate of water flow, and hence the source of colonisers, was not 
compromised by clogging mesh, nor varied over time as a result of cage-
cleaning episodes. There were no artificial shading effects cast by the 
lightweight grid. An improvement has been made in subsequent field trials 
where the fishing weights attached to the lower end of units (to maintain their 
position when immersed) have been eliminated. Vandalism, presumably to 
collect the fishing weights, has been reduced and the units are instead threaded 
through eyelets across their lower (and upper) ends into a grid and secured to 
the corner posts.  
 
The suspension method was far better at preventing grazing from snails than 
fitting snail barriers. The ‘barriers’ actually enhanced numbers of Bembicium 
melanstomum in the vicinity of the frame, and so would be more gainfully used 
as a method of increasing background density rather than decreasing grazing 
intensity. B. melanostomum was more commonly found on pneumatophores 
than on the sediment surface in the study site during late summer, and has been 
shown to control algal growth upon the pneumatophores (Cranston, 2000). 
Dispersal of the species was not investigated in the present experiment. A 
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congeneric snail, B. auratum, was shown by Crowe (1999) to be generally 
consistently dispersed in a mangrove forest in New South Wales, although 
unexplained temporal variation in dispersal did occur. 
 
There were some instructive differences between the meiofaunal colonisation 
rates of mimic pneumatophores in the present study and those in 2 other 
experiments using identical mimic pneumatophores (surface area 42 sq cm) in 
the same study area, summarised in Table 9.5. The first of these commenced in 
the austral autumn (April 17th, 1998) and copepods were again the most 
numerous taxon of meiofauna among the colonisers, reaching their highest 
density in the early austral spring (Gwyther and Fairweather, 2002). Secondly, 
an experiment was run in November 2000 in the Barwon River estuary, in 
which mimic pneumatophores (of the same dimensions as in the other 2 
experiments) were implanted for up to 18 weeks. Copepod abundances peaked 
in January 2001, at a level similar to the previous experiment, but decreased 
after this date. In the present grazing experiment, which commenced in 
November (late austral spring) the maximum density of meiofauna on ungrazed 
units after 16 weeks (March 1999) was similar to the earlier experiments. 
However, the density was much less on units available to benthic grazers (see 
Table 9.5), and comparison with the previous studies suggests that the effects of 
grazing may be much more pronounced during the summer.  
 
The pattern of abundance of epibiontic meiofauna on mimic pneumatophores, 
without grazer manipulation, has been revealed by field experiments in the 
study area (Gwyther and Fairweather, 2002). The sequence includes a build-up 
of the assemblages over the autumn to reach a maximum density at the end of 
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winter. There is a decline in abundance during spring to very low levels during 
the summer, when hot dry weather causes desiccation of intertidal algae, 
particularly epiphytic algae on pneumatophores. This cycle may explain the low 
density of all meiofaunal taxa on units during the present experiment, since it 
commenced in spring at the time of naturally falling abundances of both 
epiphytic algae and meiofauna, and continued through the hottest months of 
summer, to terminate before the next autumn build-up began. Nematode 
abundance was particularly severely affected by the prevailing conditions in the 
present trial, during which only 18 individuals were counted in total, 15 on 
suspended and thus ungrazed units. The 3 genera represented (Chromadorina, 
Syringolaimus and Neochromadora) were amongst those found on 
pneumatophores (Gwyther and Fairweather, 2002) and leaves in the area 
(Gwyther, 2002). 
 
In conclusion, this experiment revealed that grazing gastropods had a significant 
and negative effect on both the density and assemblage structure of meiofauna 
upon mimic pneumatophores in the intertidal region. Harpacticoid copepods 
represented 80% of the total meiofauna from all samples, and their abundance 
was reduced from a mean density of 65 per unit on ungrazed units down to 2 per 
unit on grazed surfaces. Comparison with field experiments run at other seasons 
suggests that abundance of epibiontic meiofauna was regulated by algal 
biomass.  Reduction of protective algal habitat is caused both by grazers and 
dry, hot summer weather, and so these factors together exert synergistic but 
indirect effects on meiofauna.  
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Chapter 10 
GENERAL DISCUSSION 
 
This synthesis focuses firstly on mangrove microhabitats, the connections 
between them, and links to macro-invertebrate taxa there. Secondly, I consider 
the ecological controls over meiofauna in the context of the greater knowledge 
base of macrofaunal ecology. These ecological processes are represented in a 
composite conceptual diagram in an attempt to illustrate a framework within 
which meiofauna, and the factors investigated within and between mangrove 
microhabitats, interact. Finally, the future prospects are discussed, including 
threats to, and uses of, the temperate mangrove ecosystem, and suggestions for 
further study of meiofauna here and elsewhere are made. 
 
10.1 Mangrove microhabitats 
A preliminary survey (Chapter 3) of the abundance and composition of 
meiofaunal assemblages from several mangrove microhabitats clearly 
demonstrated the heterogeneity of the temperate mangrove ecosystem. 
Meiofauna collected from oxic sediment, from fouled pneumatophores and 
from leaf-litter comprised diverse but characteristic assemblages. In common 
with most other sedimentary meiofaunal assemblages from mangrove (as well 
as non-mangrove) habitats, nematodes were the dominant taxon in the mud. 
 
The pneumatophores of Avicennia marina were mostly fouled by either algae 
or barnacles, although some were bare. Pneumatophores provided hard 
substrata for biota in the ecosystem, and were demonstrated to support 
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distinctive meiofaunal assemblages which differed not only from those in the 
sediment, but were also characteristic of the dominant fouling macro-epibionts. 
Although phytal meiofauna has previously been investigated within clumps of 
algae (Jensen 1981, 1984, Kito 1982, Hull 1997), in seagrass beds (Hicks 1986, 
Walters 1988, Peachey and Bell 1997), and within and upon Spartina blades 
and culms (Hopper 1970, Rutledge and Fleeger 1993, Lillebo et al. 1999), 
demonstration of a diverse and phytally associated meiofauna upon 
pneumatophores is a new addition to both meiofaunal ecology and to the 
ecology of mangroves.  
 
Meiofauna from the epiphytic, mixed-algal growth known as Bostrychietum 
consisted of a diverse assemblage of mainly copepods, nematodes and mites. 
However, amongst the crevices provided by barnacle valves there was a 
meiofaunal assemblage different from that present on algal-fouled 
pneumatophores. Halacarid mites were the dominant group amongst barnacles, 
as they were on bare pneumatophores, upon which no other taxon was found. 
The most numerous species of mite from the barnacle-fouled habitat in the 
Barwon estuary was Isobactrus uniscutatus, and this record was the first for 
this halacarid species in Australia (Bartsch and Gwyther, in press), otherwise 
only recorded from the north Atlantic. The extent of the colonisation of 
Isobactrus uniscutatus in Australia is unknown: very little attention has been 
given to cryptic or small exotic species in comparison with more numerous 
surveys of macroscopic introduced biota. According to a recent survey of 
macrofauna in the ports, shipping channels and spoil ground in Victoria, about 
one-tenth of the marine species are non-indigenous (Cohen et al. 2001) but the 
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survey did not include meiobenthos. The mite was responsible for the greatest 
part of the difference between sedimentary and pneumatophore-borne 
meiofauna (Chapter 3, Table 3.5), but was not a significant member of the 
meiofaunal assemblage upon leaf litter. The results from this study suggest that 
the mite persists better in algal microhabitats than sedimentary ones, and 
presumably feeds upon diatoms or filamentous algal species in the barnacle-
fouled habitat. 
 
A conspicuous feature of the mangrove system was the patchiness, at a scale of 
1-2 square metres, of the dominant macro-epibionts of the pneumatophores. 
Patchiness of the epibionts confers a secondary patchiness to the meiofauna 
living within the fouling organisms, and the factors that cause this 
heterogeneity are therefore relevant to both macro- and meiofaunal organisms. 
The horizontal distribution patterns of adult barnacles (Elminius covertus) in a 
temperate mangrove in Phillip Island, south-eastern Australia, were determined 
by Satumanatpan et al. (1999) to be caused by the pattern of larval settlement, 
and were not significantly altered by post-recruitment mortality. In contrast, 
vertical distribution patterns were shown in the latter study to vary after 
settlement for periods depending on the height of recruits above the substratum. 
The role of predation was doubtful, although disturbance from the grazing 
gastropod Bembicium auratum was considered likely. Smothering by sediment 
or drift-algae and seagrass wrack was also thought to contribute.  
 
Larval supply and settlement behaviour of barnacles in the River Barwon 
estuary have not been investigated, although recruitment occurs in January and 
 317
survival of recruits is positively correlated with East- or South-facing vertical 
orientations (unpubl. data). Further experimental work in the River Barwon 
estuary is needed to test the hypothesis that barnacle aggregations persist on the 
cooler parts of pneumatophores more successfully than on those oriented 
towards the mid-day sun.  
 
Explanations of patchiness in other studies of epibionts include both physical 
and biological processes.  Experiments by Bayliss (1993) in South Australia 
indicated that the settling behaviour of cyprids of Balanus amphitrite and 
Elminius adelaidae was a major factor in establishing aggregations.  However, 
that author suggested that the favoured orientation of barnacles, i.e. facing the 
outflow, was probably an artefact of the time taken to complete metamorphosis: 
calcification would occur during the outflowing tide and reflect the direction of 
water flow. Ross and Underwood (1997) provided support for the importance 
of the larval stage of the life cycle in determining distribution patterns in a 
temperate mangrove in New South Wales.  Models were proposed to explain 
the patterns of distribution of the barnacles E. modestus, Hexaminus popeiana 
and H. foliorum, each model including larval supply, settlement and post-
settlement mortality. 
 
The investigation of patchiness of epibionts within tropical mangroves has 
revealed two possible controlling mechanisms. Sutherland (1980) studied a 
diverse fouling community within a tropical mangrove in the southern 
Caribbean Sea. Settlement onto asbestos panels submerged in the Rhizophora 
mangle mangroves was monitored, but little difference was found on the 
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resulting fouling community between introductions made 6-months apart. 
Barnacles were the eighth most abundant taxon in the community. Recruitment 
of most species was low compared with rates in higher latitudes and the study 
concluded that low recruitment, together with the low rate of supply of new 
roots explained the dynamics of the epibenthic community.  In marked contrast 
to the results of Sutherland (1980), a study in the tropical Florida Keys showed 
a mangrove-root epifaunal community to be enormously variable despite being 
dominated by long-lived species with low, largely seasonal recruitment 
(Bingham and Young 1995). The variability was ascribed to stochastic 
perturbations, particularly strong tidal flows.  
 
From the studies described above there are several mechanisms that exert 
influence over the fouling community. These include larval supply, recruitment 
and post-recruitment processes, but the physical effects of strong current flow 
may cause perturbation within the established community. Patchiness within 
the mangroves in the River Barwon estuary was observed at a scale of 1-2 
metres within the pneumatophores, and also at a smaller scale of centimetres on 
individual pneumatophores. Preliminary observations suggest that exposure to 
desiccation in north and westerly orientations may cause significant post-
recruitment mortality, and this possibility awaits further investigation. 
 
In addition to living phytal substrata provided by pneumatophores, A. marina 
contributes quantities of detritus to the mangrove system. Fallen leaves are 
trapped on the sediment by the networks of pneumatophores, and the leaves 
represent a further habitat for meiofauna. Decaying leaves provided a 
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microhabitat that was in close contact with the sediment, and investigation of 
the leaf-litter assemblage (Chapter 4) showed nematodes to be the dominant 
taxon, represented by 21 nematode genera collected from 48 leaves.  
 
Shaded and exposed leaves could be discriminated by multivariate statistical 
analyses based on their faunistic attributes. This suggested the importance of 
the canopy in protecting the surface from the effects of wind and sun, and from 
direct rainfall. Although the temperate mangroves in the study locality are not 
subject to high temperatures on a daily basis, as in tropical regions, the diel 
range in temperature is greater. The average daily temperature range in summer 
months is 8-9 degrees C at Point Lonsdale (25 km east of the study site). The 
highest and lowest recorded daily temperatures in the warmest month of the 
year (February) over the last 21 years of records were 44.3°C and 4.4°C, 
respectively (Bureau of Meteorology 2002). Shading from the tree canopy, or 
beneath a fallen leaf, would reduce desiccation stress and also buffer 
temperature extremes to which organisms may be otherwise exposed at low 
tide. It is suggested that the canopy represents a significant factor in small-scale 
patchiness of both macro-epibionts and meiofauna. 
 
In a recent study in French Guiana the canopy was shown to modify one of the 
main parameters (the time of aerial exposure) acting on foraminiferal 
distribution in the sediment of tropical mangroves (Debenay et al. 2002). This 
effect occurred because the canopy protected the sediment from drying and 
heating by the wind and sun. Faust and Gullidge (1996) reported an additional 
effect of the canopy: beneath canopy gaps, where sunlight could reach the 
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sediment surface, there was more rapid production of oxygen bubbles by 
phytodetritus. These conferred buoyancy to the leaf litter, and so its export to 
adjacent subtidal waters was accelerated.  
 
Leaves at two broadly different states of decay could not be discriminated by 
their meiofaunal assemblages, in the present study. The apparent lack of 
influence exerted by phytal decay was also demonstrated by Arroyo et al. 
(2001) in an evaluation over 4 years of the meiofauna of decaying sub-tidal 
Laminaria. That macro-alga deteriorated substantially during this period, but 
none of the main meiobenthic taxa within the holdfast showed a significant 
decrease in density. In contrast, the abundance of 4 out of 6 taxa (nematodes, 
mites, polychaetes and tanaids, but not copepods or ostracods) upon the frond 
surface decreased significantly. The study of leaf litter from the River Barwon 
estuary (Chapter 4), and of tropical mangrove leaf litter (Gee and Somerfield 
1997, Somerfield et al. 1998) provide mounting evidence that meiofauna use 
phytal substrata as a structural component of their niche, and show little 
sensitivity to the biochemical composition of the surface. This idea suggests an 
element of passivity to distribution patterns, and is developed further below. 
 
The abundance and diversity of litter nematodes were both lower than has been 
reported from tropical mangroves (Gee and Somerfield 1997, Somerfield et al. 
1998). The litter nematode assemblage in the River Barwon estuary was 
dominated by one genus (Tripyloides) out of 21 genera, compared with 8 
dominant genera from a total of 77 genera recorded from 48 leaves in tropical 
mangroves (Somerfield et al. 1998). This comparison supports the latitudinal 
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gradient of diversity displayed by macrofauna, but so far that trend has not been 
demonstrated in the meiofauna (Thistle 2001), perhaps because of the 
inadequate meiobenthological knowledge of both tropical and polar regions 
(Giere 1993). However, the species richness of both marine and freshwater 
harpacticoid copepods, for example, is unexpectedly moderate in the tropics 
(Dahms 2001) whereas a rich and highly endemic meiofauna occurs in 
Antarctic beaches (Herman and Dahms 1992). Within this temperate mangrove 
ecosystem the diversity of meiofauna could be limited by the presence of only  
a single species of mangrove tree, if the meiofauna could recognise chemical 
and physical characteristics of particular mangrove tree species. However, Gee 
and Somerfield (1997) and Somerfield et al. (1998) showed that the leaf-litter 
meiofaunal community was not influenced by the species of mangrove leaf. 
Further work is needed before trends in meiofaunal diversity within mangroves 
and other ecosystems can be ascribed to a latitudinal gradient. 
 
10.2 Ecological controls of meiofauna in mangrove 
habitats  
A field investigation of vertical distribution of the sedimentary meiofaunal 
assemblage during and between tidal cycles (Chapter 5) revealed a loss of 
animals from the surface layer during high tide. There was no evidence of 
deeper migration to lower layers, leading to the conclusion that erosion and/or 
active rafting occurs on a tidal basis. This process would facilitate a link 
between the microhabitats of the system, effectively redistributing the 
tychopelagic meiofauna at each high tide. An experiment confirmed the 
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presence of propagules in the water column during immersion of the mudflat at 
high tide (Chapter 6).  
 
The relative proportions of the sedimentary and phytal taxa in the tychopelagos 
indicated that both benthic and phytal habitats yielded animals to the water 
column, with between 25-80% of the meiobenthos of the upper centimetre of 
sediment becoming suspended during immersion. Tychopelagic meiofauna 
retained in traps included copepods and small numbers of mites, but was 
dominated by nematodes (Chapter 6). These comprised 22 nematode genera, of 
which 13 genera occurred on living and/or mimic pneumatophores and 9 genera 
were present in leaf litter. This suggests that, although passive redistribution of 
nematodes from the surface flocculent layer of sediment occurs in the water 
column, recruitment to microhabitats is not random, and could involve active or 
passive behavioural components. 
 
Findings of earlier work on the matter of suspension of meiofauna were 
discussed by Chandler and Fleeger (1983). Two studies found copepods, but no 
nematodes, suspended over a sub-tidal sandflat and an inter-tidal mudflat 
(Alldredge and King 1980, Bell and Sherman 1980, respectively). A study by 
Hagerman and Rieger (1981) showed that a wide range of meiofauna occurred 
within 1-1.5 m of the bottom. Sibert (1981) suggested that suspended 
meiofauna were most numerous just above the bottom, and tended to behave 
demersally (sensu Alldredge and King 1980) because nematodes were 2-5 
times more abundant 5 cm above the bottom than at 30 cm, and harpacticoid 
copepods 7-12 times more abundant. Tidal cycle effects on copepod abundance 
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were proposed by Palmer and Brandt (1981) to account for increased sediment 
densities of copepods at slack high and low tide, when settlement occurs, and to 
explain decreased densities during ebbing and flooding, the periods of high 
suspension.  
 
Several mechanisms probably contributed to the observed distribution patterns 
in the present study, including active and passive behavioural components as 
well as structural adaptations in some taxa. Unless a physical grip can be 
maintained on the substratum, for example by the recurved terminal claws of 
the appendages of mites, then risk of resuspension and passive transport during 
each tidal cycle seems very likely. With the exception of deep burrowers and 
tube-dwelling meiofauna (e.g. the nematodes Ptycholaimellus jacobi and P. 
ponticus, and the copepod Stenhelia palustris; Nehring, 1993), the surface-
dwelling meiofauna of the flocculent layer are routinely dispersed in a 
hydrodynamic environment. The possibility of a mechanical explanation of the 
observed distribution of meiofauna in the mangroves must therefore be 
considered. 
 
Homogeneous distribution of passive particles would result from random 
dispersal and recruitment unless the surfaces to be colonised displayed different 
trapping efficiencies. Felted mats of algae such as the Bostrychietum on 
pneumatophores present a complex 3-dimensional mesh of the rhodophytes 
Catenella, Caloglossa, Bostrychia, and the chlorophytes Enteromorpha and 
Ulva, that would trap suspended meiofauna, whereas on the outer surfaces of 
barnacle valves (in contrast to their feathery feeding-organs, the cirri) passive 
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retention of suspended meiofauna would be unlikely. I suggest that the setose 
appendages of copepods would increase their chance of being ensnared by the 
algal epiphytes, and this mechanical process might explain the preponderance 
of copepods within algae. Chapter 7 described a positive correlation between 
algal biomass and copepod abundance on natural pneumatophores, supporting 
the greater retention efficiency of a larger network of algal filaments within 
which copepods (and other meiofauna) could become ensnared. Phytal habitats 
are typically occupied by copepod species with a strongly prehensile first 
swimming-leg (pereiopod 1) and either a long slender body or a broad, strongly 
flattened body (Huys et al.1996). Phytal mites have hair-like spines (Giere 
1993). 
 
The present study demonstrated close coupling of algal growth with abundance 
of meiofauna (Chapter 7) but no evidence of seasonality was discernible within 
the 16-month time-span of the preliminary survey (Chapter 3). These results 
support the findings of Johnson and Scheibling (1987) and Danovaro and 
Fraschetti (2002) that changes in meiofaunal density are linked to epiphytic life 
cycles rather than to an intrinsic seasonality in animal populations. Spatial and 
temporal heterogeneity of phytal meiofauna are therefore both dependent on the 
phytal habitat component. Consequently, the passive trapping ability of 
suspended meiofauna by algal growth would be expected to increase with algal 
biomass and could cause the coupling described here.  
 
Rugose surfaces of mimic pneumatophores enhanced the abundance of settlers 
but this was resolved to be a taxon- and habitat-specific response. A primary 
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role of substratum structure and complexity was also found for hard-substrate 
meiofauna by Danovaro and Fraschetti (2002) and their results showed that 
different variables might influence hard-substrate meiofauna at different depths. 
Hydrodynamic stress was an important factor in that study, affecting the ability 
of meiofauna to colonise a secondary substratum (algae) especially in shallow 
depths. I suggest this supports the hypothesis of passive entrapment, because 
suspended particles, including meiofauna, were flushed through the algae by a 
strong water current.  
 
Assemblages were shown in this study (Chapter 7) to change over time when 
the colonised surface was a ‘new’ patch of habitat, such as a mimic 
pneumatophore on the mudflat. Initial ageing of the surface biofilm may reflect 
the development of a number of different trophic opportunities for meiofauna. 
Once these are present, and all major feeding groups are sustained by the 
surface microbial consortium, further successional change in terms of feeding 
groups seems to be unlikely provided the surface remains intact. However, the 
rate of turnover of nematode species on mimic pneumatophores showed that the 
assemblage was very dynamic, with a turnover rate showing no trend of 
reduction from between approximately 40-60% during a 47 week period. This 
continual ingress and egress of nematodes across the habitat can be accounted 
for by passive dispersal. 
 
The absence of a demonstrable effect of biofilm maturity on colonisation of 
meiofauna (Chapter 8) further supports a physical explanation for the non-
random distribution patterns observed in the present study. However, the 
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propensity of certain nematode species towards phytal habitats has been 
established in previous studies. The question of whether the species collected 
are a random sub-sample of the available pool of species has been addressed by 
direct observations of behaviour, for example the demonstration of positive 
phyto-chemical sensitivity of Chromodoris tenuis (Jensen 1981). The dynamics 
of small-scale patches of meiofauna have been investigated in relation to 
sediment microtopography and food resources (Hogue and Miller 1981, 
Blanchard 1990, Hodda 1990, Pinckney and Sandulli 1990, Blome et al. 1999), 
physical parameters of beaches and sediments (Gourbault et al. 1998) and 
neighbourhood biogenic effects (Wahl 2001).  The persistence of small-scale 
patchiness over tidal stages was demonstrated by Fleeger et al. (1990) and, 
although such persistence might be ephemeral, Findlay (1981) stated that 
maintenance of patchiness emphasised the ability of meiofauna to detect and 
respond to small but rapid changes in their habitat. 
 
On a sandy beach, Fegley (1988) showed that the density of meiofauna 
collected in settlement traps from the water greatly exceeded the measured 
recolonisation rate of the sediment, suggesting the role of other factors such as 
meiofaunal behaviour or microbial dynamics in successful recolonisation. 
Although it is likely that direct crawling from sediment onto pneumatophores 
occurs, this mode of colonisation is probably insignificant. In a muddy 
Louisiana estuary, Chandler and Fleeger (1983) demonstrated that lateral 
advection in the water column was an important source of meiofauna 
recolonising mud. Potential sources of colonising organisms in mangroves 
include the phytal substrata, sediment and the water column.  
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Dispersal of meiofauna in the water column supplies the microhabitats of the 
mangrove ecosystem with propagules that may have originated from local 
assemblages, or have been transported from further away. The outcome of the 
experiment described in Chapter 8 demonstrated significant similarity between 
certain existing local epibiontic meiofauna and the colonising assemblage. 
These resemblances between existing and new assemblages occurred within the 
barnacle patch and the unfouled patch. The relationship did not, however, apply 
to patches of habitat that were predominantly fouled with algae, and this 
finding emphasises the taxon-specific (and perhaps also patch-specific) 
behaviour and distribution of the estuarine meiofaunal assemblage.  
 
On natural pneumatophores there were significant but weak correlations 
between copepods and algal cover, and between mites and barnacle cover 
(Chapter 7). Provision of habitat by macro-epibiontic organisms depends on the 
presence of pneumatophores, and there is a close dependence of both the 
meiofaunal and macrofaunal biota on the integrity (by maintenance of all its 
structural and functional components) of the ecosystem. Algal cover on 
pneumatophores increased during the cooler and wetter seasons, and the 
abundance of meiofauna followed this trend, until the onset of hot dry weather 
caused severe reduction of the epibiota. Hot and dry weather during November 
to March causes desiccation of exposed surfaces at low tide, and epiphytic 
algae rapidly bleach and die under these conditions. The enhancement of 
meiofaunal diversity and abundance in the mangrove ecosystem has been 
demonstrated by the provision of living algae and barnacles on 
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pneumatophores.  This fact clearly vindicates the need for appropriate 
management to protect the sediment as well as tree-roots, pneumatophores and 
the canopy from destruction. 
 
The biological factors that affect sessile organisms include grazing by 
herbivores. The role of gastropods on rocky shores is well accepted in marine 
ecology, and has also been demonstrated within macrofaunal estuarine 
assemblages (Anderson 1999). Feeding activity of grazing snails generates 
algal-free patches, onto which larvae of sessile macro-invertebrates can settle. 
The exclusion experiment in this study confirmed dependence between 
meiofauna and snails, because the clearing promoted increased diversity of 
phytal-based meiofaunal assemblages. The graphical/distributional (by ranked 
abundance curves) and multivariate methods of data analysis provided clearer 
insights into the response of diversity than univariate analyses. Grazers may 
have both direct and indirect effects on benthic assemblages, and the 
complexity of these interactions and abiotic influences indicates the need for 
integrated protection and management of both living and non-living (e.g. leaf 
litter) components of the natural system. Optimum management of the 
mangrove ecosystem therefore requires an holistic approach. 
 
10.3 Conclusions 
The outcomes of the present study have provided information towards 
understanding of a structural framework for the ecology of temperate mangrove 
meiofauna. This set of microhabitats is connected by water during immersion, 
during which the tychopelagic fraction can disperse. Recruitment to algal 
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epiphytes is a largely passive process that results from entrapment. Whereas the 
phytal meiofauna are caught from the water column by passive entrapment, the 
meiofauna upon barnacle-fouled substrata is not ephemeral, but persists 
because of the tenacity of mites for the substratum. Mites were the only taxon 
found on unfouled pneumatophores and they dominated barnacle-encrusted 
pneumatophores. Their recurved claws, flattened idiosome, tolerance to 
extreme conditions and their algivorous feeding habit pre-dispose halacarids to 
those habitats. 
 
Leaf litter usually remains in close contact with the sediment, and it is not 
surprising that nematodes dominated the meiofauna in this detritus. Deposit 
feeders were the dominant feeding group on leaf litter whereas early settlers on 
mimic pneumatophores were mainly epistrate feeders. This concurs with the 
finding by Commito and Tita (2002) that deposit feeders were the most 
abundant feeding group in an intertidal ambient community, but epistrate 
feeders had the highest absolute, relative and bulk dispersal rates.  
 
The scarcity of some groups in particular micro-habitats is most likely 
explained by their inability either to get to, or survive in, the particular micro-
habitat. The alternative explanation is active rejection of a surface with which 
contact is made, usually during dispersal. This active behaviour requires a 
mechanism of re-entering the hydrodynamic flow, and continued testing until 
the preferred surface is located, i.e. an ability to manoeuvre in the medium. For 
invertebrate larvae with a swimming capacity, Eckman et al. (1994) 
demonstrated that changes in the vertical component of larval velocity were due 
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to responses to environmental cues (light intensity, pressure, solutes). Animals 
that cannot swim must behave as inert particles, and their non-random 
distribution is more difficult to explain.  
 
Processes that modify distribution patterns within and between habitats are 
shown in Figure 10.1. Conditioning was investigated in several experiments. 
On leaves it is likely that a mature biofilm had already developed prior to 
sampling both yellow and brown leaves, since no effect of leaf age was 
detected on the meiofaunal assemblage (Chapter 4). The importance of the 
early biofilm was shown during development of assemblages on ‘new’ mimic 
pneumatophores, where the number of feeding groups that was supported on 
the substratum increased with time (Chapter 7). However, no effects of 
conditioning at a site 20 km distant from the River Barwon estuary were 
detected for mimic pneumatophores, possibly because the conditioning and 
post-conditioning environments differed (Chapter 8). These results show that 
absence of a biofilm limited colonisation of meiofauna. Biofilms matured 
quickly, and any effect they had was quickly lost with time. Differences in 
biofilms between adjacent coastal regions, and the responses of meiofauna to 
‘foreign’ biofilms await further research. 
 
Both sedimentary and phytal meiofauna are susceptible to erosion and 
redistribution by the tidal cycle. The majority of sedimentary animals occurred 
within one centimetre of the surface, and 25-80% of these were suspended at 
high tide. Mixing of these assemblages occurs in the tychopelagos, but the 
patchiness of the microhabitat assemblages was maintained.   
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Disturbance caused by grazing gastropods reduced the abundance but increased 
diversity of meiofaunal assemblages. This biotic interaction is well known in 
macro-invertebrate assemblages, and the generality can now be extended to 
include meiofaunal assemblages.  
 
Passive mechanisms may explain much of the persistence of the mosaic of 
meiofaunal assemblages within the temperate mangrove ecosystem, for 
example the co-occurrence of mites and barnacles, and copepods and algae, but 
the controlling factors over patterns of nematodes are unresolved. As non-
swimmers, they should display a random distribution in this hydrodynamic 
environment, but this is not supported on the basis of their generic composition 
within leaves, pneumatophores and the sediment. Differential susceptibility to 
desiccation, and responses to rugosity may contribute to the patterns shown in 
this study. 
 
While meiofauna are not controlled by predators (Coull 1999), predator-prey 
effects may be a structuring force in meiobethic assemblages, including those in 
the present study. In a review of the role of estuarine meiofauna, Coull (1999) 
compiled data published since 1990 showing that in estuaries the major 
meiofaunal predators are juvenile fish, prawns and birds. The studies indicated 
that the favoured meiofauna in the diet were harpacticoid copepods, and 
nematodes were recorded as food items only occasionally. In muddy and phytal 
habitats the meiofauna are more readily accessible than in sand, where they are 
distributed deeper. It is likely that copepods from epiphytic algae, and 
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nematodes from the sediment surface, would be consumed by a variety of 
predators. In the Barwon River estuary a survey by Baumgartner (1998) found 
that copepods formed 52% of the number of items in the guts of 822 small fish 
(mostly the hardyhead Leptatherina presbyteroides) with the remainder of the 
gut including a variety of crustaceans and small gastropods. Nematodes 
comprised only 2% of the gut contents, and halacarids were not observed in the 
fish guts sampled. Predator-prey effects in different micro-habitats remain to be 
evaluated.
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10.4 Future prospects 
The future prospects for the study of meiofauna in temperate mangrove 
ecosystems include their potential use, for example to monitor changes in 
coastal biota. The advantages of using meiofauna over macrofauna as a 
monitoring tool have been evaluated by several studies (Coull and Chandler 
1992, Somerfield and Warwick 1996). Desirable attributes include their 
naturally high density, which facilitates collection of statistically powerful data 
from relatively small samples. Rapid generation times of meiofauna and their 
continuous reproduction enable accurate estimates of recovery times, and they 
show less seasonal variability than macrofauna (Somerfield et al. 1994). The 
lack of a pelagic larval dispersal phase is convenient in both field and 
laboratory assessments of pollution effects, since the animals are exposed to 
benthic contaminants throughout their life-cycle.  
 
Many meiofaunal taxa have been cultured successfully in laboratory systems, 
and whole sediment-plus-meiofauna mesocosms are currently in use to detect 
effects of pollutants (e.g. hydro-carbons, heavy metals) at a range of scales 
encompassing molecular biology and genetic responses (Garey and Hamilton 
2001) to whole assemblage effects (e.g. Austen and Somerfield 1997, Chandler 
et al. 1997, Schratzberger and Warwick 1998, Widdicomb and Austen 1999). 
Furthermore, the small size of meiofauna is a feature that exposes relatively 
greater surface area of the animal to contaminants that are sequestered in 
sediment. Although identification to fine taxonomic levels can be difficult, 
there are some very helpful pictorial keys for nematodes, the taxon that 
generally dominates sedimentary meiofaunal assemblages (Platt and Warwick 
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1983, 1988, Warwick et al. 1998). An electronic identification key to 
nematodes was recently released by the Plymouth Marine Laboratory in 
association with The Natural History Museum (Darwin Nematode Electronic 
Key, 2001). 
 
The risks of pollution events in coastal regions include oil contamination of the 
shoreline, and in this context, monitoring of meiofauna also presents real 
advantages. The ubiquitous distribution of meiofauna in sediments, macro-
algae (Jensen 1984, Johnson and Scheibling 1987, Villano and Warwick 1995, 
Jarvis and Seed 1996), sea-grasses (Hicks 1986, Peachey and Bell 1997, De 
Troch et al. 2001), saltmarsh (Rutledge and Fleeger, 1993), intertidal pools 
(Hull 1997, 1999), mangrove litter and pneumatophores (Gee and Somerfield, 
1997, Somerfield et al. 1998, present study) and even on inter-tidal rocky cliff 
faces (Danovaro and Fraschetti 2002) offers a comprehensive assessment tool 
with which impacts could be monitored across the complete spectrum of coastal 
habitats. The effect of an impact across different coastal habitats would be 
directly comparable because several highly abundant meiofaunal taxa 
(nematodes and copepods, for example) are distributed across different habitats 
and so a community-level response can be used as an indicator, e.g. Somerfield 
et al. (1994). The use of meiofauna as a widely applicable assessment tool 
could be extrapolated to compare anthropogenic impacts among geographical 
regions, because meiofauna are ubiquitous in all marine and freshwater 
environments from the poles to the equator.  
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Threats to the biota of mangrove forests include both press and pulse (sensu 
Bender et al. 1984) pollution events, but there are many other human activities 
that have impact upon the habitat. In spite of increasing recognition of their 
importance, mangrove habitats are seriously threatened and continue to shrink 
around the world (Kathiresan and Bingham 2001). Their unique features make 
mangroves ideal sites for experimental studies of links between biodiversity 
and ecosystem function, and pioneering investigations have shown that tropical 
mangroves and their associated fauna can be sources of valuable products 
including black-tea, mosquitocides, gallotannins, microbial fertilisers, anti-viral 
drugs, anti-tumour drugs and anti-screening compounds (for references see 
Kathiresan and Bingham 2001). Such valuable potential for these reasons as 
well as for commercial fisheries significance, and the development of an 
ecotourism industry, builds a powerful case for sensitive and appropriate 
management of the tropical mangrove ecosytem.  
 
The case for protection of temperate mangroves in Victoria, and elsewhere, 
must be defended for different priorities from those listed above. Rather than be 
regarded as marginal mangrove habitat, the value of the temperate mangal must 
be understood for its intrinsic attributes. The total area of this habitat is small 
and therefore even more vulnerable and at risk from habitat destruction than its 
tropical counterpart. There has been little emphasis on studies of the ecological 
processes in temperate compared with tropical mangrove systems. For example, 
evaluation of the relative contribution of a mangrove forest to the energy flow 
within a temperate estuarine system in comparison to a tropical estuary, or to a 
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temperate non-mangrove estuarine system, would give powerful insights into 
the broader ecosystem.  
 
In a sub-tropical mangrove, Skilleter and Warren (2000) demonstrated that 
even relatively small-scale removal of pneumatophores or of epiphytic algae 
caused significant effects to the diversity and abundance of macrobenthic 
organisms. These authors discuss the cascading effect of such changes at higher 
trophic levels, and it is likely that these would apply to small animals as well as 
macroinvertebrates. 
 
It is unclear at present whether the tropical mangrove environment represents a 
nutrient and carbon sink, rather than a source, to adjacent habitats (e.g. Alongi 
1998). Measurements and experiments should be undertaken in temperate as 
well as in tropical mangroves as a tool for obtaining a more complete 
understanding of ecosystem function. Appropriate management of the 
temperate mangroves depends on the degree of understanding of ecosystem 
processes. For example, the likely consequences of future degradation of 
mangroves and the impending spread of the cord-grass Spartina townsendii, 
already present in the River Barwon estuary (OzEstuaries Database 2002), may 
be more accurately predicted if the ecology of the ecosystem is better 
understood.  
 
This study has shown that abundance, species richness and diversity of phytal-
based meiofauna does not depend on availability of phytal substrata alone, but 
on several factors including the composition of the macroscopic fouling 
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community. The focus of future studies should include further manipulative 
ecological experiments to determine potential effects of disturbance to this 
ecosystem, and careful measurements of the significance of meiofaunal 
assemblages to biotic processes within temperate mangroves. The many 
advantages of studying these small, numerous, ubiquitous and diverse animals 
will then become increasingly appreciated. 
 
In summary, this thesis has focussed on the abundance and composition of the 
meiofauna of the River Barwon mangroves. A total of 53 species of nematodes 
(Appendix 1) was identified, and several new species are likely to have been 
included among the samples collected. A new Australian record of a free-living 
halacarid mite was published (Bartsch and Gwyther in press). Patterns of 
distribution in phytal- and detrital-based microhabitats of the ecosystem have 
been described and evaluated in the context of biological and abiotic influences. 
Processes that influence the dispersal and colonisation of the meiofauna have 
been investigated by manipulative experiments, and each of the component 
parts of the study has provided new information about the meiofauna and the 
temperate mangrove ecosystem of which they are part.  
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Appendix 1. List of nematodes from the Barwon River mangroves 
Adoncholaimus sp. 
Anoplostoma sp. 
Anticoma sp. 
Atrochromadora sp. 
Axonolaimus sp. 
Calyptronema sp. 
Camacolaimus sp. 
Chromadora sp. 
Chromadorella sp. 
Chromadorina sp. 
Chromadorina germanica 
Chromadorina granulopigmentata 
Chromadorina nudicapitata 
Chromadorina nana 
Chromadorita sp. 
Cobbia sp. 
Cyatholaimus sp. 
Daptonema sp.1 
Daptonema sp.2 
Desmodora sp. 
Desmolaimus sp. 
Desmoscolexsp. 
Dichromadora sp. 
Diplolaimella sp. 
Diplolaimelloides sp. 
Euchromadora sp. 
Eurystomina sp.  
Halalaimus sp. 
Hypodontolaimus sp. 
Metachromadora sp. 
Metalinhomoeus sp. 
Microlaimus sp. 
Neochromadora sp. 
Onchium sp. 
Paracanthonchus sp. 
Paracyatholaimus sp. 
Paralinhomeous sp. 
Parodontophora sp. 
Pontonema sp. 
Prochromadorella sp. 
Prooncholaimus sp. 
Ptycholaimellus sp. 
Quadricoma sp.  
Sabateria sp. 
Spilophorella sp. 
Steineridora sp. 
Symplocostoma sp. 
Syringolaimus sp. 
Terschellingia sp.   
Thalassomonhystera sp. 
Theristus sp. 
Tripyloides sp. 
Viscosia sp. 
